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Service Fading of Disperse Dyestuffs by Chemical 
Agents Other Than the Oxides of Nitrogen 


Victor S. Salvin and Ruth A. Walker 


Summit Research Laboratories, Celanese Corporation of America 


Abstract 


An extensive trial of acetate drapery fabrics dyed with new “gas-fast” blues has 
shown that active agents in the atmosphere, in addition to the oxides of nitrogen, can 
cause fading in service. This fading is oxidative in nature. It has been reproduced by 
an accelerated laboratory test in which fabrics have been exposed to concentrations of 
ozone somewhat higher than those ordinarily found in the atmosphere. This type of 
fading has been designated as “O-fading.” 

All of the disperse blue dyes and some of the reds and yellows have been found to 
be subject to O-fading. However, the major problem is with the blues. Anthraquinone 
blues are bleached by O-fading without the reddening associated with gas fading. The 
O-fading can be inhibited by antioxidants such as the gas-fading inhibitor diphenyl- 
ethylene diamine and the nongas-fading inhibitor p-octyl phenol. For optimum re- 
sistance to both forms of atmospheric fading, acetate fabrics dyed with disperse blues, 
including gas-fast blues, should be processed with inhibitors. 

Laboratory tests have shown that O-fading takes place on Dacron® as well as on 
acetate and Arnel.2, With Arnel and Dacron, a marked increase in resistance to O-fading 
is obtained on heat treatment. The penetration of the dye into the fiber is a factor in 
O-fading behavior, as evidenced by the increase in resistance to O-fading of, Dacron 
fabrics dyed with-carrier and by the effect of heat treatment. Optimum resistance to 
atmospheric fading of Arnel is obtained by the use of inhibitor plus heat treatment. 


Introduction These newer dyes are 1,8-(1,5)-dihydroxy-4-aryl- 
amino-5-(8)-nitro anthraquinones prepared by re- 
acting a nitro-hydroxy anthraquinone such as di- 
nitroanthrarufin or dinitrochrysazin with a substituted 
aryl amine [1]. The resulting products give shades 
on acetate, Arnel, and Dacron that show a high level 
of colorfastness when evaluated by the standard 
AATCC accelerated tests for light and gas fading 
[2]. In view of the excellent laboratory ratings of 


A number of acetate fabrics dyed with the newer 
gas-fast blues and exposed in service were found to 
give an unexpectedly marked shade change. This 
change was much greater than had been predicted 
on the basis of the accelerated AATCC test for 
atmospheric fading due to the oxides of nitrogen. 


1 Du Pont polyester fiber. 
2 Trade mark. Arnel is the cellulose triacetate fiber made : E : 
by Celanese Corporation of America. test was carried out to determine if the level of 


fabrics dyed with this class of compounds, a service 
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performance in actual use was as good as that in- 
dicated by the accelerated tests. Draperies made 
from acetate fabric dyed a variety of shades with 
Eastman Blue GLF®* as a representative of this 
group of new dyes were hung in a number of homes, 
some of which were in areas noted for the prevalence 
of gas fading * and others of which were in localities 
where gas fading would be at a minimum. By the 
end of 6 mo there had been a definite change in the 
shade of a number of the draperies. This change was 
most apparent in the light shades and in many 
instances appeared where there had been very little 
exposure to the oxides of nitrogen. By the end of 
1 yr, the fading on these light shades was quite 
marked, showing a much lower level of colorfastness 
than had been indicated by the laboratory tests. The 
change in the appearance of the fabric at the end 
of this time was one which could not be reproduced 
in the laboratory test for gas fading. Thus there 
were two anomalies to be accounted for in the service 
trial. (1) The degree of shade change was greater 
in many instances than could be predicted on the 
basis of the laboratory tests. (2) This shade change 
occurred in areas where there was a minimum of 
exposure to the oxides of nitrogen. 


The phenomenon of gas fading has long been 
recognized as an important aspect of the colorfast- 


ness of disperse anthraquinone dyes. It was in 1937 
that Rowe and Chamberlain [3] first demonstrated 
that relatively minute quantities of the oxides of 
nitrogen in the atmosphere (less than 2 parts per 
million) suffice to produce the reddening that had 
been observed during the service of acetate dyed 
with 1,4-dialkylamino anthraquinones. They indi- 
cated that nitration, nitrosation, diazotization, and 
oxidation were the chemical reactions responsible 
for the color changes. Recently Salvin, Paist, and 
Myles [4] have shown that the active agent is ac- 
tually nitrogen dioxide. Couper [5] has isolated 
and identified the degradation products resulting 
from the action of the oxides of nitrogen on 1,4- 
dimethylamino anthraquinone on acetate. Thus a 
great deal is known about the oxides of nitrogen and 
their action on disperse dyes. However, in addition 
to nitrogen dioxide, the atmosphere contains a 
number of other active agents at a similar level of 


3 Henceforth in this paper Eastman Blue GLF will be 
designated as Blue GLF. 

4Gas fading is used to specifically denote a color change 
caused by the oxides of nitrogen. 
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concentration. Despite the presence of such reactive 
chemicals as sulfur dioxide, sulfuric acid, hydrogen 
sulfide, ozone, hydrogen peroxide, and organic per- 
oxides, until now only nitrogen dioxide has been 
linked directly to the fading of disperse dyes. 

It is reasonable to presume that the active oxidizing 
agents in the atmosphere would also react with the 
dye molecule and produce a color change. Such an 
occurrence would be most easily recognized with a 
structure that was not changed by nitrogen dioxide 
because then there would not be a chance for the 
reaction with nitrogen dioxide to cover up the re- 
action with the other oxidizing agents. Blue GLF 
is a dye molecule that resists nitrogen dioxide to an 
appreciable degree. Therefore, there must have been 
some other cause for the marked fading in service 
of fabrics prepared with this dye. It appeared as 
though here was definite evidence that chemical 
agents in the atmosphere other than nitrogen dioxide 
do bring about a change in the dye molecule. Con- 
sequently, the anomalous service fading of fabrics 
dyed with Blue GLF was thoroughly investigated, 
including the following aspects of the problem: 

1. The service performance of fabrics dyed with 
dyes such as Blue GLF as compared to that of 
fabrics dyed with dyes such as Interchemical Blue 
B plus a gas-fading inhibitor. 

2. The relation between service performance and 
the evaluation of colorfastness obtained by the stand- 
ard AATCC accelerated laboratory tests. 

3. Specificity as to fiber. 

4. The effect of dyeing and finishing conditions. 

5. Consideration of the fading properties of other 
dye structures. 

6. The effect of antioxidants and particularly of 
gas-fading inhibitors that are also antioxidants. 

7. Methods for effectively reducing the rate of 
fading in service. 

8. Reproduction of the anomalous fading in the 
laboratory and the relation of these results to service 
performance. 

9. Reasons why this type of change had previously 
passed unnoticed. 


Service Performance of Fabrics Dyed with 
Gas-Fast Blues 


The service test for evaluating the performance 
level of fabrics dyed with Blue GLF was an exten- 
sive one, including over 150 pairs of draperies and 
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Shade 
Grey Stone 
Chartreuse 
Green Stone 
Cedarwood 


Ruby 
Bokhara Wine 


Blue Tile A 
Blue Tile B 


TABLE I. 


Blue Component 
0.04% Blue GLF 
0.02% Blue GLF 
0.3% Blue GLF 
0.2% Blue GLF 
0.05% Blue GLF 


0.3% Blue GLF 


0.6% Blue GLF 
0.5% Amacel Blue 


Red Component 
0.02% Eastone Red GLF 
0.01% Eastone Red GLF 
0.03% Eastone Red GLF 
0.2% Eastone Red GLF 


1.0% Amacel Rubine IX 
0.4% Amacel Scarlet III 
a 
0. 


2% Amacel Rubine IX 
3% Amacel Scarlet III 
0.1% Eastone Red GLF 


0.1% Eastone Red GLF 


Dye Formulations Used for Drapery Fabrics 


Yellow Component 
0.06% Amacel Yellow CW 
0.5% Amacel Yellow CW 
1.2% Amacel Yellow CW 


0.25% Celliton Fast Brown 3RA 


0.2% Amacel Yellow CW 
0.2% Amacel Yellow CW 


Inhibitor 
None 
None 
None 
None 
None 


None 


None 


2% Antifume DEN 


AGF 


Almond A 
Almond B 


0.4% Blue GLF 


0.4% Amacel Blue 
AGF 


Almond C 


0.35% Interchemical 
Blue B 


1% Interchemical 
Blue Green ALF 40 
0.5% Amacel Blue 


AGF 








involving a 2-yr exposure in 30 different homes. 
The draperies were dyed a number of shades with 
the dye formulations given in Table I. These shades 
can be grouped into three general categories as fol- 
lows : 


1. Critical light shades (Chartreuse, Green Stone, 
and Grey Stone) in which a small change in the 
blue component (Blue GLF) is readily recognized. 

2. Medium and full shades (Ruby, Bokhara Wine, 
Blue Tile A, Cedarwood, and Almond Green A), 
where a greater change in the blue component (Blue 
GLF) is needed before a recognizable shade change 
can occur. 

3. Full shades (Jade Green, Almond B, Almond 
C, and Blue Tile B) dyed with dyes such as Celliton 
Blue Green BA, Interchemical Blue B, and Amacel 
Blue GLF, respectively, which are not resistant to 
gas fading. These fabrics were codyed with a 
permanent inhibitor and then padded with Meleine. 
They were included in order to have a direct com- 
parison of the performance of the new gas-fast blues 
with that of other anthraquinone blues protected by 
inhibitors. 


0.02% Eastone Red GLF 
0.02% Eastone Red GLF 


0.02% Eastone Red GLF 


and padded with 
10 g/l Meleine 


0.7% Amacel Yellow CW None 


0.75% Amacel Yellow CW 2% Antifume DEN 
and padded with 
10 g/l Meleine 

0.8% Amacel Yellow CW 2% Antifume DEN 
and padded with 
10 g/l Meleine 

2% Amacel Yellow CW 2% Antifume DEN 
and padded with 
10 g/l Meleine 


The homes where the service exposures took place 
were located in three different cities : Pittsburgh, Pa., 
where there is a heavy concentration of the industrial 
fumes known to cause gas fading ; Ames, lowa, which 
is a nonindustrial town with a minimum of such 
fumes; and Austin, nonindustrial 
town, but one in which natural gas is the main fuel 
used for heating most of the homes. 


Texas, also a 


Careful note 
was made of conditions such as: (1) the degree and 
direction of exposure at each window; (2) the 
proximity of heat and air outlets to the draperies; 
(3) the type of heat, light, and other appliances in 
the home; and (4) the neighborhood in terms of 
A piece of the standard AATCC 
gas-fading ribbon Control Sample #1 was attached 
to each drapery to serve as a record of the actual 


factories, etc. 


amount of gas fading to which each was exposed. 
Swatches of fabric were removed every 6 mo during 
the 2-yr test period. They were taken from the 
inside lower hemline in order to eliminate the direct 
The Control 
Sample #1 was replaced with a new test ribbon at 
the end of each 6-mo period. 


effect of light as much as possible. 


The exposed samples 
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TABLE II. Shade Change on Drapery Fabrics after Standard 
AATCC Accelerated Test for Gas Fading 


International Grey 
Scale Ratings* 





1 Unitf 


Shade 


Grey Stone 

Chartreuse 

Green Stone 

Cedarwood 

Ruby 

Bokhara Wine 

Blue Tile A 

Blue Tile B 

Almond Green A 

Almond Green B -§ 

Almond Green C 3-4 
Jade Green 3-4 


2 Units 3 Units 


*5 = nochange; 4 = slight change; 3 = moderate change; 
2 = marked change; 1 = severe change. 

t Determined by comparing Control Sample #1 to vat-dyed 
Standard of Fading. 


were compared for shade with the original that had 
been stored in a sealed box away from any possible 
contact with light or the oxides of nitrogen. 

Before the draperies were placed in service, sam- 
ples of each dyed fabric were exposed to 1, 2, and 
3 units of gas fading and to 20 and 40 hr of light 
fading in the standard laboratory test equipment 
described in the 1954 Technical Manual and Year 
Book of the American Association for Textile Chem- 
ists and Colorists [2]. The results of the laboratory 
tests are given in Tables II and III, which indicate 
in terms of the International Grey Scale the degree 
of shade change that occurred. The results of the 
service trial are given in detail in Table X of the 
Appendix. The degree of shade change at each 
window in every home is listed, along with a rating 
of the extent of exposure to the oxides of nitrogen. 
The latter was determined on the basis of the degree 
of reddening of the Standard Control Sample #1 
as measured by comparing the service-faded ribbon 
to the vat-dyed Standard of Fading. In many in- 
stances there was a bleaching out of the color in the 
Control Sample #1 without any reddening, but this 
change was not considered when rating the extent 
of gas fading on the ribbon. 

As indicated above, the changes due to fading are 
much more evident on some shades than they are 
on others. Any change in the blue component of 
Grey Stone, Green Stone, or Chartreuse, even though 
it is a small one, will be readily apparent. Therefore, 
they are most useful shades for determining differ- 
ences in fading performance. The fading data for 
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TABLE III. Shade Change on Drapery Fabrics after 


Exposure in Fadeometer 


International Grey 
Scale Ratings* 





Shade 20 Hr 40 Hr 


Grey Stone § 4-5 
Chartreuse 

Green Stone 

Cedarwood 

Ruby 

Bokhara Wine 

Blue Tile A 

Blue Tile B 

Almond Green A 4§ 
Almond Green B 4-5 
Almond Green C 4 
Jade Green ; 3-4 


*5 = nochange; 4 = slight change; 3 = moderate change; 
2 = marked change; 1 = severe change. 





these sensitive shades has been abstracted from 
Table X and is summarized in Table IV. Almond 
Green A and Blue Tile A are also included in this 
table because, although they are not as sensitive to 
small changes, they faded markedly under service 
conditions. The values listed in Table IV indicate 
the general level of fading in each particular home 
and include the change on the test ribbon as well as 
on the draperies. All of the fabrics in this group 
were dyed with Blue GLF without a gas-fading in- 
hibitor. 

Examination of Table IV shows that there was 
a definite change in shade of the Grey Stone draperies 
after 6 mo in service. Except for Ames, this change 
was greater than had been produced in the laboratory 
by 3 units of gas fading, even though the accompany- 
ing test satins showed that none of the fabrics had 
received more than 1 unit of gas fading. Of par- 
ticular interest were the results from the two homes 
in Austin. In one, the fabrics received 1 unit of gas 
fading and in the other about 0.3 unit, but in both 
there was a relatively large color change of the Grey 
Stone. This was rather unexpected in view of the 
fact that 1 unit of laboratory gas fading produced a 
barely perceptible change on this fabric. A similar 
situation is found with the Green Stone draperies, 
where the same degree of fading was found after 6 
mo in Pittsburgh as in Austin #1, although the test 
satin indicated 1 unit of gas fading in the former and 
0.2 unit in the latter. Once more the changes are 
much greater than were found after 1 unit of labora- 
tory gas fading. After a year of exposure, the 
anomalous effects become even more evident with 
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TABLE IV. Shade Change Observed during Service Test 
of Draperies Dyed with Blue GLF 


International 
Grey Scale 
Rating of 

Shade Change 

on Draperyt 


Approximate 
Units of 
Gas Fading 
on Control 
Sample # 1* 
First Second 
6Mo 6 Mot 6 Mo 


Pittsburgh 1.0 1.0 3 
Ames 0.0 0. 
Austin (#1)§ 0.3 0. 
Austin (#2) 1.0 1. 


Location of 


Shade Home 


Grey Stone 


1 Yr 


NM dM bh 


Chartreuse Pittsburgh 1.0 1 
Ames 0 0. 


Austin 0. 


— 
on 
wus 


_— 


Green Stone 1. 


0. 


-_ 
—) 


Pittsburgh 
Ames 
Austin (#1) 
Austin (#2) 


_ 
—) 


= 
oo 
sNe uo 


www 


Blue Tile A Pittsburgh 
Ames 
Austin (#1) 


Austin (#2) 


er © 
wi Ui hd CO 
un 4 GW Oo 


Almond A Pittsburgh 
Ames 


Austin 


0. 
0. 


at al 
wm ooo 
wwii 


— 
So 


* The degree of gas fading is estimated in terms of the 
reddening of the Control Sample #1 when compared to the 
vat-dyed Standard of Fading. 

t5 = nochange; 4 = slight change; 3 = moderate change; 

= marked change; 1 = severe change. 

t After 6 mo the test ribbons were removed and a new set 
was put up, so each received only 6 mo of exposure. 

§ The number indicates that more than one home in Austin 
was used to expose draperies of this shade. Usually one of 
the two was heated with open gas heaters. 


the fading being particularly bad in Austin, regard- 
less of the degree of gas fading shown on the test 
ribbon. 

These results do not follow the accepted pattern of 
gas fading, which is that the greater the exposure to 
the oxides of nitrogen, the greater is the resulting 
shade change. Some chemical other than nitrogen 
dioxide must be responsible for changes that occur 
when there is a minimum of this compound in the 
atmosphere, particularly when these changes cannot 
be reproduced by exposure to nitrogen dioxide. It is 
necessary to conclude that the anomalous results 
found in the service trial must arise from a type of 
atmospheric fading that has not been previously dif- 
ferentiated from gas fading due to the action of the 
oxides of nitrogen. In order to refer to this newly 
isolated phenomenon it became necessary to coin a 


new term. Therefore, “O-fading” is used in this 
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paper to mean the shade change that arises as the 
result of the degradation of the dye molecule by 
chemical agents in the atmosphere other than the 
oxides of nitrogen. 


O-Fading Dependent on Fiber Nature 


When O-fading was first observed, it was thought 
that it might be due to a faulty finishing process or 
to traces of an impurity in a particular lot of acetate. 
Therefore, a number of fabrics containing acetate 
yarns made by various manufacturers were dyed in 
A tan 
shade was prepared with Blue GLF, Eastone Red 
GLF, and Amacel Yellow CW. 


exposed in a number of the homes used for the 


the laboratory under controlled conditions. 
These fabrics were 
original service test. The change in shade that was 
observed at the end of 4 mo in service is listed in 
Table V, along with changes obtained after 4 units 
of gas fading in the laboratory. These results show 
that O-fading occurs on all acetate, regardless of the 
source. The same effect was obtained in still other 
service areas. Further experiments showed that the 
dyeing conditions did not have a large effect on the 


degree of O-fading. Those fabrics that had been 


TABLE V. Service Fading of Hoselegs Prepared from 
Acetate Yarn Made by Various Manufacturers 
International Grey Scale 
Rating of Shadet 


Change 
after 
4 Units 
Gas Fading 
in Labora- 
tory§ 


Change 
aftert 

4 Months 

in Service 


Source Place of 
of Service 
Yarn* Exposure 


A Pittsburgh 3 
Ames 3-4 
Austin 3 


Pittsburgh 
Ames 
Austin 


Pittsburgh 
Ames 
Austin 


Pittsburgh 3 
Ames 3-4 
Austin 3 


* Each letter designates a different company. 

¢ Light tan. 

t International Grey Scale. 5 = no change; 4 = slight 
change; 3 = moderate change ; 2 = marked change; 1 = severe 
change. 

§ Gas-fading units determined by Control Sample #1 as 
compared to vat-dyed Standard of Fading. 
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TABLE VI. O-Fading of Various Fibers as Tested 
in the Laboratory Ozonizer 


Relative Shade 
Change after 
18 Hours in 
Fabric Dyed with Blue GLF Ozonizer* 
Acetate 
Acrilan 
Arnel 
Arnel, heat treated 
Dacron, dyed at 96°C without carrier 
Dacron, dyed at 96°C with carrier 
Dacron, heat treated 
Nylon 
Orlon 


* Rated on International Grey Scale. 5 = no change; 
4 = slight change; 3 = moderate change; 2 = marked change; 
1 = severe change. 





prepared with an excess of the various dyebath 
components on the surface showed about the same 
degree of shade change as those that had been thor- 
oughly scoured after dyeing. The extent of fading 
was also not altered by the kind of yarn lubricant 
that had been used. Experimentation with self 
shades and various combinations of the dyes did not 
give any indication of the color change being due to 
dye interaction. 

Having eliminated dyeing and finishing conditions 
as variables, the investigation was extended to in- 
clude the fading properties of Blue GLF on other 
fibers. These included Acrilan,® Arnel, Dacron, 
nylon, and Orlon.* Table VI summarizes the re- 
sults of tests, which were carried out on these fabrics 
in the laboratory “ozonizer” described below. There 
was no evidence in this accelerated test of O-fading 
on the dyed Acrilan, nylon, or Orlon, but Blue 
GLF did change under these circumstances on Arnel 
and Dacron as well as on acetate. 

The degree of sensitivity of dyed Arnel and Dacron 
to O-fading is dependent upon the dyeing and finish- 
ing conditions used in the processing of the fabrics. 
If these conditions are such as to insure a maximum 
penetration of the dyes into the fiber, the resistance 
of the fabrics to O-fading will be significantly in- 
creased. Increased dye penetration is one of the 
results of the heat treatment that is an integral part 
of the dyeing and finishing of Arnel. Repeated tests 
have shown that Arnel fabrics that have been heat 
treated O-fade both in service and in the ozonizer 
at a much slower rate than do those that have not 


5 Chemstrand acrylic fiber. 
6 Trade mark. Du Pont Acrylic fiber. 
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been so treated. Preliminary experiments in the 
ozonizer indicate that this is also true of Dacron. 
Dacron that has been dyed with a carrier such as 
Dowicide A or trichlorbenzene is much more re- 
sistant to O-fading in the ozonizer than is Dacron 
that has been dyed at 96° C without a carrier. These 
differences are also shown in Table VI. It is known 
that the use of carriers increases the penetration of 
the dye molecule into the Dacron fiber [6]. Although 
these two carriers are not normally used in the dye- 
ing of Arnel, their inclusion in the dyebath also re- 
duced the O-fading of the finished Arnel fabric. 
In addition to increased penetration, there is also a 
possibility that materials such as Dowicide A might 
contain inhibitors for O-fading that would remain on 
the fabric. O-fading on Dacron has been demon- 
strated in the ozonizer, but service tests are now 
under way. 


Sensitivity of the Disperse Dye Range to 
O-Fading 


O-fading of a number of dyes in addition to Blue 
GLF was observed both in service and in the 
ozonizer if the dyed fabrics were processed without 





TABLE VII. Relative Sensitivity of Representative Dyes 
to O-Fading Based on Ozonizer Tests 


Markedly Sensitive to O-Fading 
Interchemical Blue B (pr. 228) 
Celliton Blue AF 
Cibacete Blue Green C (pr. 229) 
Celliton Blue FFG 
Eastman Fast Blue GLF 
Amacron Blue RLS 
Interchemical Blue GSF 
Latyl Blue FL 
Celliton Blue LAFR 
Amacel Blue AGF 
Setacyl Direct Blue GD 
Artisil Direct Blue SAP (pr. 62) 
Celliton Fast Violet BA (pr. 240) 
Artisil Direct Violet 2RP (pr. 237) 
Cibacete Red 3B (pr. 234) 


Moderately Sensitive to O-Fading 
Amacel Red 6X 
Artisil Red CSBFL 
Acetamine Red BE (pr. 236) 
Amacel Orange R 


Slightly Sensitive to O-Fading 
Cibacete Rubine 3BS (pr. 239) 
Eastone Red GLF 
Celliton Fast Yellow 4RL Conc. 
- Setacyl Direct Yellow G (pr. 242) 
Interchemical Acetate Yellow HDLF-40 
Eastman Yellow GLF 
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a gas-fading inhibitor. These included dyes such as: 
(1) Setacyl Direct Blue GD, an azo blue with a high 
level of resistance to gas fading, which nevertheless 
faded badly during service; (2) Interchemical Blue 
B and Celliton Blue Green BA, anthraquinone struc- 
tures that gave definite decreases in depth of shade 
but which, significantly, gave no evidence of the 
reddening that normally accompanies gas fading. 
The O-fading properties of a number of character- 
istic dyes were tested in the ozonizer. These dyes 
are listed in Table VII, grouped according to their 
relative sensitivity to O-fading. It was found that 
the anthraquinone blues are particularly sensitive to 
this type of change, whereas the azo reds and yellows 
are generally more resistant. Both service and 
ozonizer tests have shown that Eastone Red GLF 
is not significantly altered by O-fading. However, 
the accelerated test for O-fading does indicate that 
the degree of change with some of the other less 
resistant reds is sufficient to contribute to the overall 
fading of mixed dyeings, even though this degree of 
change is less than that found with the blues. The 
diphenylamine yellows are particularly resistant to 


O-fading. 





TABLE VIII. Effect of Gas-Fading Inhibitors on 
Service Performance 


International 
Grey Scale 
Rating* of 

Shade Change 
after 1 Yr 
of Service 

Pittsburgh 2-3 

Ames 3 
Austin 


Shade 
Almond A 


Blue Component Place 
Blue GLF, no 


inhibitor 


Almond B Amacel Blue AGF, 
permanent and 


fugitive inhibitors 


Pittsburgh 
Ames 
Austin 


Almond C_Interchemical Blue 
B, permanent and 


fugitive inhibitors 


Blue Tile Blue GLF, no 
A inhibitor 


Pittsburgh 
Ames 
Austin 


Pittsburgh 
Ames 

Austin (#1)T 
Austin (#2) 


Austin (#1) 
Austin (#2) 


Blue Tile Amacel Blue AGF, 
B permanent and 
fugitive inhibitors 


* International Grey Scale. 5 = no change; 4 = slight 
change ; 3 = moderate change; 2 = marked change; 1 = severe 
change. 

+ There were two homes in Texas. Samples of both Blue 
Tile A and Blue Tile B were exposed in each home. 


O-Fading Inhibited by Antioxidants 


It was stated above that the evaluation of dyes 
to determine their sensitivity to O-fading has to be 
carried out on fabrics that have been processed with- 
out a gas-fading inhibitor. The reason for this is 
that most gas-fading inhibitors have proved to be 
quite effective against O-fading also. This effect first 
became evident during the course of the service trial, 
which included a number of draperies that had been 
dyed with Interchemical Blue B or with Amacel 
Blue AGF protected with gas-fading inhibitors. The 
differences in fading performance showed up most 
conclusively in the Almond Green and Blue Tile 
(see Table I for formulations) draperies at the end 
of 1 yr of exposure. The data on the performance 
of these particular draperies has been abstracted 
from Table X in the Appendix and is presented in 
Table VIII. The values for shade change indicate 
the general level of fading in each home for that 
fabric. From this summary, it can be readily seen 
that those fabrics that had been processed with a 
gas-fading inhibitor gave a higher overall level of 
performance. Of particular interest is the series of 
Blue Tile draperies exposed in Texas because in this 
instance both Blue Tile A and Blue Tile B were 
exposed in the same two homes. In both homes the 
fading of the fabrics dyed with Blue GLF without 
inhibitor was greater than that of the fabrics dyed 
with Amacel Blue AGF with inhibitor. This differ- 
ence in performance level was not due to the use of 
different dyes because, as was shown above, both In- 
terchemical Blue B and Amacel Blue AGF are also 
subject to O-fading. Additional experiments have 
shown that the application of a gas-fading inhibitor 
to fabrics dyed with Blue GLF will significantly 
reduce the rate of O-fading both in the ozonizer and 
in service. 

The active component of most of the permanent 
gas-fading inhibitors is a compound such as diphenyl 
ethylene diamine. Chemicals of this nature are 
strong antioxidants and as such are used in the 
rubber industry. It was felt that this property was 
responsible for their ability to reduce the rate of 
O-fading. In order to check this point, a number 
of antioxidants which are not gas-fading inhibitors, 
such as para octyl phenol and tertiary butyl hydro- 
quinone, were padded on the dyed fabrics. These 
compounds significantly reduced the rate of O-fading 
of Blue GLF and other dyes that had been found to 
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be sensitive to this type of change. The effectiveness 
of these antioxidants indicate that the chemical re- 
action occurring during O-fading is primarily an 
oxidation. 


Chemical Compounds in the Atmosphere 
Capable of Producing O-Fading 


It has been shown that the oxides of nitrogen do 
not cause O-fading. Therefore, the various chemi- 
cal constituents of the atmosphere were reviewed in 
order to determine which of them could produce the 
extensive reaction necessary to convert the dyes to 
This reaction 
could be either oxidative or reductive in nature, but 
there are several factors that favor oxidation. If 
reduction were taking place, it is probable that the 
nitro group in dyes such as Blue GLF would be re- 
duced to an amino group as an intermediate step. 


light yellow or colorless compounds. 


The compound that would be so formed is not re- 
sistant to gas fading and reddens upon exposure to 
the oxides of nitrogen. There was no evidence of 
this kind of a change when fabrics dyed with this 
class of dyes were placed in the gas-fading chamber 
after they had been O-faded in service. 

In view of this observation and of the effectiveness 
of antioxidants in preventing the occurrence of this 
reaction, the oxidizing agents in the atmosphere were 
considered first when looking for the active agent 
responsible for O-fading. Foremost among these 
is ozone, a very strong oxidizing agent which reacts 
readily with all unsaturated compounds. The quan- 
tity of ozone present in the atmosphere varies from 
place to place, from season to season, and from day 
to day depending upon the weather, the presence of 
industrial fumes, the direction of the winds, etc. 
However, it is possible to measure the concentration 
of ozone and to draw some conclusions as to the 
limits of its concentration in any one place. It was 
found that in Murray Hill, New Jersey [7] (close 
to where some of the secondary service tests were 
carried out), the variation in ozone concentration 
for the year 1944 was from 0.25 to 6.25 parts per 
hundred million with most of the values falling be- 
tween 1.5 and 4.5. 
ozone is responsible for the cracking of rubber dur- 
ing weathering and that air containing 3 to 4 volumes 


It has been demonstrated that 


of ozone per hundred million volumes caused visible 
cracks in a stretched rubber band within 24 hr [7]. 
If this concentration is enough for a reaction to occur 
with the double bonds present in the rubber molecule, 
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it should also be enough to react with unsaturated dye 
molecules such as the anthraquinone blues. Bogaty, 
Campbell, and Appel have shown that there is suf- 
ficient ozone in the atmosphere to cause deteriora- 
tion of wet cotton textiles [7a]. - 

There have been reports recently that the reaction 
between ozone and the waste gases from oil refineries 
is responsible for the smog that has been plaguing 
Los Angeles [8]. The basis for this proposal is the 
fact that ozone is such a strong oxidizing agent that 
it reacts readily with the sulfur dioxide, the smoke, 
and other organic particles suspended in the air. 
It is because of the ease and rapidity of these re- 
actions that ozone is said to be absent or present 
only in extremely low concentrations in thickly 
populated industrial areas [7]. A lower concentra- 
tion of the active oxidizing agent would readily ex- 
plain the lower level of O-fading that was observed 
on the fabrics exposed in Pittsburgh as compared 
to those exposed in Austin. The conception of 
ozone as this active agent (by itself or in combina- 
tion with other oxidizing agents) can be readily ac- 
cepted on the basis of these general observations 
concerning the concentration of ozone and its chem- 
ical reactivity. Therefore, a method was evolved 
for exposing dyed fabrics to air containing more 
than the normal proportion of ozone in a relatively 
constant concentration. 


An Accelerated Test for O-Fading 


The object of devising a means of exposing dyed 
fabrics to ozone in the laboratory was to obtain an 
accelerated test method which would predict fabric 
performance upon service exposure to O-fading. 
The source of ozone for the test was the small 4-watt 
ozone lamp made by the Westinghouse Corporation 
and the General Electric Company for use in home 
deodorizers: Four of these were placed in the lower 
part of the gas-fading test chanmiber produced by the 
United States Testing Company. The details of the 
construction of this apparatus are given on page 89 
of the 1954 Technical Manual and Year Book of the 
American Association of Textile Chemists and Col- 
orists. Removal of the gas burner allowed the 
ozone lamps to be placed directly below the opening 
between the two chambers. The ozone circulated 
freely to the upper chamber, where it was present in 
sufficient concentration to produce a strong odor at 
the upper vent. The actual concentration of ozone 
was not measured but the reproducibility of results 





Shade Change on Drapery Fabrics after 
Exposure in the Ozonizer 


International Grey 
Scale Ratings* 





32 Hr in 


Ozonizer 


16 Hr in 


Shade Ozonizer 


Grey Stone 2-3 1 
Chartreuse 3 

Green Stone 2 

Cedarwood 4 

Ruby 

Bokhara Wine : 
Blue Tile A : 1 
Blue Tile B 3 
Almond Green A 3 2 
Almond Green B 3 2 
Almond Green C 4 3 
Jade Green 4-5 4-5 


*5 = nochange; 4 = slight change; 3 = moderate change; 
2 = marked change; 1 = severe change. 


indicated that the concentration was relatively con- 
stant. The use of the standard testing apparatus 
had two major advantages: it was possible to rotate 
the samples and ensure an equal exposure for all; 
and there was no way for the light rays from the 
lamps to penetrate to the upper chamber and produce 
a fading which would confuse the results. The test 
chamber described here proved to be a most useful 
tool in the study of O-fading. It is referred to in 
this paper as the “ozonizer.” 

When the drapery fabrics dyed the sensitive shades 
listed in Table IV were exposed in the ozonizer, 
the marked shade change that had been found as 
an anomalous effect in the service trial was re- 
produced. The degree of change that was found 
on these fabrics after 18 and 36 hr in the ozonizer 
is given in Table IX. Included for comparison are 
the Almond Green and the Blue Tile fabrics that 
had been processed with a gas-fading inhibitor. 
These latter were found to be much more resistant 
to the action of ozone than were the fabrics prepared 
without an inhibitor. These results are in contrast 
to those obtained in the accelerated laboratory test 
for gas fading (Table II), where the fabrics dyed 
with Blue GLF showed the least amount of fading. 
Those fabrics which were found to be particularly 
susceptible to change in the ozonizer were the ones 
that gave the anomalous fading results in service, 
showing that the ozonizer test does give an indica- 
tion of how fabrics will perform when they are 
exposed in service areas where O-fading is the major 
change that is taking place. 
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Having established that the ozonizer could be used 
to determine the relative degree of O-fading as 
found in service, it became necessary to ensure the 
reproducibility of it as a test. Therefore, a piece 
of dyed acetate fabric was included in every test to 
serve as a guide to the amount of exposure received 
during a specific time interval in the same way as 
the standard AATCC gas-fading Control Sample 
#1 is used to check the degree of gas-fading ex- 
posure. This test fabric was a medium shade of 
grey prepared with 0.3% Blue GLF, 0.2% Eastone 
Red GLF, and 0.1% Amacel Yellow CW. This 
grey test sample gave an easily recognizable shade 
change after 16 hr in the ozonizer. The degree of 
shade change increased with increased exposure time 
until all of the blue component had been destroyed 
by the ozone. Therefore, a good indication of the 
amount of exposure can be obtained from the color 
of this test ribbon. These changes have been found 
to be consistently reproducible. 

Although these results do not establish that ozone 
itself is the active agent that causes O-fading, they 
do show that it will produce the same kind of a 
change in the laboratory. Identification of the active 
agent is underway and will be reported at a later 
date, but even without this knowledge the ozonizer 
can be effectively used to predict the colorfastness 
performance of dyed acetate and Arnel as regards 
O-fading. Those fabrics which showed a marked 
shade change after 16 hr in the ozonizer also O-faded 
in service. The Dacron fabrics have been exposed in 
a service test for only a relatively short time, and 
so the the ozonizer and service 
fading has not been definitely established. As with 
gas fading, the degree of O-fading will vary from 
place to place depending upon the concentration of 
the active agent in the atmosphere. However, within 
reason, the ozonizer will indicate what can be ex- 
pected from service exposure to O-fading. 


relation between 


Nature of the Shade Change 


The shade changes found during O-fading arise 
because the blue component has been destroyed. 
This explains why the effect is most evident in shades 
such as Grey Stone or Green Stone (see Table I 
for formulations). The Grey Stone drapery was 
used for the spectrophotometric measurements neces- 
sary to confirm this visual observation. Figure 1 
includes reflectance curves for this fabric under five 
different exposure conditions: (1) before exposure ; 





PERCENT REFLECTANCE 


| UNEXPOSED DRAPERY FABRIC 

2 4-5 UNITS OF GAS FADING EXPOSURE 
3 EXPOSED— AUSTIN, TEXAS 

4 EXPOSED— AMES, 1OWA 


500 


WAVELENGTH IN MILLIMICRONS 


Fig. 1. Shade change of light grey drapery fabric. 
(2) after prolonged exposure in the gas-fading 
chamber; (3) after 1 yr of service in Austin; (4) 
after 1 yr of service in Ames; and (5) after exposure 
in the ozonizer. A comparison of curve 1 with 
curves 3 and 4 shows that, while there was some 
diminution of the red component, the major change 
that occurred during service in these areas was a 
marked reduction in the amount of blue dye. In 
both the service exposures this change in the blue 
component was greater than that which could be 
produced by prolonged laboratory exposure to the 
oxides of nitrogen, as can be seen by comparing 
curve 2 with curves 3 and 4. The position of curve 
5 indicates that the change that took place on this 
fabric in the ozonizer is much closer in degree to 
that which occurred in service in Texas and lowa 
than is the change produced by the laboratory test 
for gas fading. These results confirm the observa- 
tion that the ozonizer is useful in predicting service 
changes that are due to O-fading. 

This bleaching out of the blue dye is also charac- 
teristic of the O-fading of other disperse dyes such 
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1. ORIGINAL STANDARD CONTROL NO. | 
2. | UNIT GAS-FADING. 

3. 36 HOURS IN OZONIZER 

4 | YEAR IN PITTSBURG, PA (P4¢) 
5. | YEAR IN AMES, 1OWA (14a). 


RUN ON SOLUTIONS OF THE FADED FABRIC 
45 ADJUSTED FOR CLOUDINESS WHICH 
MAY BE QUE 70 DIRT. 








500 550 600 
WAVELENGTH IN MILLIMICRONS 


Fig. 2. Shade change of Standard Control #1. 


as the 1,4-dialkylamino anthraquinones. When these 
dyes gas fade, they change from blue to red. This 


change can be readily observed by comparing curves 
1 and 2 in Figure 2. Curve 2 is the spectrophoto- 
metric curve obtained from an acetone solution of 
Control Sample #1 after it had received 1 unit of 


gas fading in the laboratory. Curve 1 is from the 
solution of an unfaded test ribbon. Curve 4, which 
is that of a test ribbon that had been exposed for 6 
mo in Pittsburgh, also gives evidence of this redden- 
ing. This ribbon had been rated visually as having 
received 1 unit of gas fading. Curve 3 was obtained 
from a ribbon that had been exposed for 36 hr in 
the ozonizer. In this instance there is no evidence 
of reddening, the major change being that of re- 
duction in depth or bleaching. There is, however, 
a change in the yellow portion of the curve, as shown 
by the crossing of curves 1 and 3 at 500 mp. This 
indicates that the product of the O-fading of this 
dye is probably only slightly yellow, which means 
that a deep-seated change has taken place in the 
anthraquinone structure. Curve 5 was obtained from 
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a ribbon that had been exposed for 6 mo in a home 
where there was much evidence of O-fading and 
very little gas fading (ribbon had been rated as 
receiving 0.2 of a unit). This curve closely ap- 
proximates that which was obtained in the ozonizer, 
indicating that the major change that occurred was 
a bleaching out of the blue. There was also evidence 
of slight reddening, as it is impossible to completely 
separate the two effects in service. These spectro- 
photometric data supply further evidence that the 
change that occurs during O-fading is quite different 
from that which takes place during gas fading. 


Discussion 


The present work has shown that at least two 
reactions occur when fabrics dyed with disperse dyes 
are exposed to the atmosphere during service. These 
can occur simultaneously or separately in varying 
degrees. However, the changes due to O-fading can 
be isolated from those due to gas fading only when 
O-fading is responsible for the major portion of the 
shade change that takes place during service. This 
can occur under the following circumstances. (1) 
There is a significant concentration of the active 
oxidizing agent in the atmosphere. (2) The fabrics 
have been processed without a gas-fading inhibitor. 
(3) There is also a significant concentration of the 
oxides of nitrogen in the atmosphere and the blue 
dye is gas-fast. (4) The blue dye is “gas-sensitive” 
or gas-fast and there is a minimum of the oxides of 
nitrogen present in the atmosphere. The accelerated 
laboratory test for gas fading will indicate the gen- 
eral performance level of fabrics that are exposed 
under service conditions where the oxides of nitrogen 
are the main active fading agent in the atmosphere 
and the major shade change can be attributed to gas 
fading. However, it will not do so under the cir- 
cumstances described above where O-fading is re- 
sponsible for the major portion of the shade change. 
Therefore, information as to the resistance of the 
dyed fabrics to ozone as well as to the oxides of 
nitrogen is most useful in the prediction of the level 
of service performance toward atmospheric fading 
from accelerated laboratory tests. 

Considerable experimental evidence indicates that 
many of the disperse dyes, particularly the anthra- 
quinone blues used for acetate, Arnel, and Dacron, 
are subject to O-fading both in service and in the 
laboratory ozonizer. These data are conclusive and 
there can be no doubt that this oxidative type of 
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change is taking place. However, the question 
naturally arises as to why this phenomenon has not 
been previously recognized. 
may be responsible. 


A number of factors 
(1) The reddening that takes 
place during the gas fading of most of the anthraqui- 
none blues masks the color loss due to O-fading. 
(2) For many years those dyes that are sensitive to 
gas fading have been processed with a gas-fading 
inhibitor. These compounds are active antioxidants, 
and consequently they inhibit O-fading as well as 
gas fading. (3) The standard AATCC accelerated 
tests for colorfastness do not test for O-fading. 
Therefore, O-fading could only become evident dur- 
ing a service trial (preferably in a nonindustrial 
area) of a dye which, because of its resistance to gas 
fading, had been processed without a gas-fading 
inhibitor. It was only after the general use of the 
new gas-fast anthraquinone blues such as Eastman 
Blue GLF that these circumstances could concur and 
demonstrate the existence of O-fading. Other ex- 
amples of gas-fast blues which O-fade are Latyl Blue 
FL, Amacron Blue RLS, Interchemical Blue GSF, 
and Celliton Blue LAFR. 

The discussion above emphasizes the importance 
of protection against O-fading for acetate and Arnel 
that has been dyed with anthraquinone blues. Most 
of the permanent gas-fading inhibitors are sufficiently 
strong antioxidants to reduce the rate at which this 
oxidation takes place both in service and in the 
ozonizer. Therefore, even gas-fast dyestuffs such as 
Blue GLF should be processed with a gas-fading 
inhibitor or other antioxidant, if the highest overall 


level of colorfastness toward atmospheric fading is to 


be achieved. In general, 1.0-2.0% of the inhibitor 
on fabric weight is sufficient to give fabrics of im- 
proved O-fading performance. As stated previously, 
heat treatment of fabrics such as Arnel and Dacron 
will significantly reduce the rate of O-fading. One 
of the reasons for this has been attributed to the re- 
distribution of dyes that occurs during heat treat- 
ment. It has been found on Arnel that the heat 
treatment will also increase the penetration of the 
antioxidant, thus rendering it more effective. There- 
fore, the use of antioxidant plus heat treatment 
should effectively control O-fading on Arnel. This 
effect has not been investigated on Dacron. 
O-fading, like gas fading, occurs to the greatest 
degree with anthraquinone blues, although it is 
found to a lesser extent with several of the azo reds. 
The difference in the sensitivity of various structures 
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indicates that there is a relationship between chemical 
constitution and the ease with which O-fading takes 
place. Work is currently in progress to establish a 
correlation between chemical structure and O-fading 
in much the same way that structure has been related 
to gas and light fading. 


Summary and Conclusions 


A previously unrecognized type of atmospheric 
fading exhibited by disperse dyes has been identified 
and designated as O-fading. O-fading can be dif- 
ferentiated from gas fading by the following : 

1. It can occur in areas where the atmosphere is 
known to contain little or no oxides of nitrogen. 

2. It produces a decrease in shade which is not 
accompanied by the reddening so characteristic of 
the gas fading of 1,4-dialkylamino anthraquinone 
blue dyes. 

3. It takes place with dyes that are resistant to 
gas fading as well as with those that are susceptible 
to it. 

4, Antioxidants which are not gas-fading inhib- 
itors will reduce the rate of O-fading. 

5. The accelerated laboratory test for gas fading 
will not predict the service level of O-fading, whereas 
laboratory exposure to ozone will give an indication 
of the relative degree of O-fading that can be ex- 
pected in service. 

O-fading is due primarily to oxidation and in- 
volves the conversion of the dye molecule into one 
that is colorless or slightly yellow. In the anthra- 
quinone series, this indicates that the anthraquinone 
nucleus itself may be destroyed. The active agent in 
the atmosphere that is responsible for O-fading has 
not been conclusively identified, but there is evidence 
that it is ozone or ozone in cofijunction with other 
oxidizing agents. 

As indicated by service and accelerated laboratory 
tests, O-fading is found on dyed acetate and Arnel. 
Ozonizer tests on Dacron also show O-fading. 
Acrilan, nylon, or Orlon do not appear to be subject 
to this type of fading. When dyed Arnel and Dacron 
fabrics are given a heat treatment, there is a marked 
decrease in the rate of O-fading. This improvement 
is also found on carrier-dyed Dacron as compared 
to Dacron dyed without carrier. 

O-fading has been observed with certain azo reds 
and yellows but in general it is the anthraquinone 
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blues and reds that are the most susceptible to this 
oxidative change. There is no blue disperse dye for 
acetate, Arnel, or Dacron that is resistant to O-fad- 
ing as well as to light and gas fading. 

The changes found during O-fading in service can 
be reproduced in the laboratory ozonizer described 
above. This apparatus gives a satisfactory ac- 
celerated test that will predict the susceptibility of 
a fabric to O-fading in service. 

The O-fading of fabrics dyed with a sensitive dye 
can be effectively controlled by means of an anti- 
oxidant. Most gas-fading inhibitors are sufficiently 
strong antioxidants to also inhibit O-fading, which 
is one of the major reasons why this phenomenon 
has gone unrecognized. A gas-fading inhibitor or 
other antioxidant should be used if a maximum level 
of fastness to atmospheric fading is to be obtained 
on acetate and Arnel fabrics dyed with anthraqui- 
none blues, including those which resist gas fading, 
such as Blue GLF and other gas-fast blues. 
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Shade and Blue 
Component 


Grey Stone (Blue GLF) 


Chartreuse (Blue GLF) 


Green Stone (Blue GLF) 


Cedarwood (Blue GLF) 


Ruby (Blue GLF) 


Appendix 


TABLE X. Service Fading of Acetate Draperies 


Location of 
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Approximate Units of 
Gas Fading on Standard 
Control Sample # 1* 
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* The degree of gas fading is estimated in terms of the reddening of the Control Sample # 1 when compared to the vat-dyed 


Standard of Fading. 


{ International Grey Scale Ratings. 5 = no change; 4 = slight change; 3 = moderate change; 2 = marked change; 


1 = severe change. 


t After 6 mo the test ribbons were removed and a new set was put up so each set of test ribbons only received 6 mo of 


exposure. 


§ The number designation means that more than one home in Austin was used to expose draperies of this shade. Usually 
one of the two was heated with open gas heaters. 
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Shade and Blue 
Component 


Bokhara Wine 
(Blue GLF) 


Blue Tile A 
(Blue GLF) 


Blue Tile B 
(Amacel Blue AGF 
plus inhibitor) 


Almond Green A 
(Blue GLF) 


Almond Green B 
(Amacel Blue AGF 
plus inhibitor) 


Almond Green C 


(Interchemical Blue B 


plus inhibitor) 
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TABLE X (Continued) 


Location of 
Home 


Pittsburgh 
Ames 


Austin 


Pittsburgh 


Ames 


Austin (#1) 


Austin (#2) 


Austin (#1) 
(Same home as # 1 
Blue Tile A) 
Austin (#2) 
(Same home as # 2 
Blue Tile A) 


Pittsburgh 


Ames 
Austin 


Pittsburgh 


Ames 


Austin 


Pittsburgh 


Ames 
Austin 


Window 


A 
A 


PABWRABW 


TROWA BOMBMOMYOABAABA 


mBWa shor wn 


RmiyAwayrawe 


— 


B 
A 
A 
B 
¢ 
D 
E 


Approximate Units of 
Gas Fading on Standard 
Control Sample # 1* 


International Grey Scale 
Rating of Shade 
Change on Draperyt 








First Second 


6 Mo 6 Mot 
0.5 0.2 
0.4 0.25 
0.5 0.25 
0.4 0.25 
0.6 0.4 
0.6 0.3 
0.6 0.3 
0.6 0.3 
0.6 0.8 
0.8 1.0 
0.9 0.75 
1.0 1.25 
1.2 1.25 
‘2 1.5 
‘1 1.25 
1.2 1.25 
0.6 0.4 
0.5 0.4 
0.4 1.5 
0.5 1.5 
0.5 is 
0.3 1.5 
0.3 0.1 
0.5 0.25 
0.4 0.25 
0.25 1.2 
0.4 1.0 
1.0 1.5 
1.0 1.5 
1.0 Se 
1.3 1.5 
1.1 1.5 
1.0 1.5 
0.75 0.25 
0.75 0.25 
0.5 0.25 
0.5 0.75 
0.5 0.75 
0.5 0.5 
0.5 0.6 
0.3 0.25 
0.5 0.25 
0.6 0.5 
0.6 0.4 
0.5 0.25 
0.1 0.1 
0.5 0.3 
0.6 0.3 
0.5 0.5 
0.25 0.0 
0.3 0.25 
0.25 0.1 
0.25 0.2 
0.25 0.25 
0.5 0.35 


6 Mo 1 Yr 
5 5 
5 5 
5 5 
5 5 
5 3-4 
5 3-4 
5 3+4 
5 3-4 

4-5 4 

4-5 4 

4-5 4 

4-5 4 
4-5 4 
4-5 4 
4-5 3-4 
4-5 3-4 
4 2 
4 2 
4-5 2 
4 2 
4-5 2 
4 2 
4-5 4 
4-5 4 
4-5 4 
4-5 3 
4-5 4 
3-4 2-3 
3-4 3 
3-4 2-3 
3-4 2-3 
3-4 2-3 
3-4 i 
3-4 3 
3-4 3 
4 3 
5 4-5 
4-5 4 
5 4-5 
4-5 4 
4-5 4 
4-5 4 
4-5 4 
4-5 4 
4-5 4 
4-5 4-5 
4-5 4 
5 4 
§ 4 
4-5 4 
4-5 3-4 
4-5 3-4 
4-5 3-4 
4-5 3-4 
4-5 3 
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TABLE X (Continued) 


Shade and Blue 
Component 


Jade Green 
(Amacel Blue AGF and 


Location of 
Home 


Pittsburgh A 
Ames A 
Interchemical Acetate Austin (#1) A 
Blue Green ALF-40 Austin (#2) A 
plus inhibitor) B 


+ 


D 


Window 


Approximate Units of 

Gas Fading on Standard 
Control Sample # 1* 

First 

6 Mo 
1.0 
0.0 
0.4 
0.6 
0.5 
0.5 
0.5 


International Grey Scale 
Rating of Shade 
Change on Draperyt 





Second 


6 Mot 6 Mo 1 Yr 


4-5 2-3 
5 5 
5 4-5 
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mn 
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The Strength and Weakness of Cotton Fibers 
Part II: Reversal Distribution and Breaking Properties’ 


Helmut Wakeham and Nancy Spicer 


Textile Research Institute, Princeton, New Jersey 


Abstract 


Previous work has shown that the structural reversals of cotton fibers are points 


of weakness at which the fibers prefer to break. 


The present paper is concerned with 


the distribution of these reversals in the individual fibers and with differences in reversal 


frequencies for various cotton varieties. 
in their tendency to break at reversals. 
tip end of the fiber than at the base end. 


It is shown that indivual fibers vary greatly 
Fiber reversals are much more frequent at the 
In general, cotton varieties which have high 


reversal frequencies are weaker cottons as determined by single-fiber and bundle strength 


tests. 
their behavior in yarns are discussed. 


The implications of these findings to mechanical properties of the fibers and to 





Introduction 


Although the characteristics of cotton-fiber re- 
versals were studied by Balls and Hancock [1] over 
25 years ago, the part which these structural features 
play in fiber strength and other physical properties 
has only recently been scrutinized. As early as 
1928, Balls [2] suggested that cotton fibers may be 
internally stressed at reversals, but the function of 
reversals as weak places in the fiber structure was 
not established until 1951. At that time the present 
authors [9] demonstrated that although many fibers 


1 Presented before the Spring Meeting of The Fiber 
Society in Charlottesville, Virginia, May 1954. 


break at other points, the structural reversals are, 
in fact, a preferred location of break when the fiber 
is ruptured in tension. They also found that in- 
creasing moisture content increases the fraction of 
fiber breaks involving reversals and that hydrolysis 
of the cotton with acid or swelling with concentrated 
sodium hydroxide reduces the number of breaks 
involving reversals to that expected from probability 
considerations. It was suggested that these ob- 
servations strongly point to the conclusion that re- 
versals are generally more highly ordered (of lower 
accessibility ) than the weak places between reversals. 

In a comparison of several cotton varieties, it was 
also observed that cottons vary with respect to the 
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TABLE I. Effect of Moisture on the Strength of Cotton 
Fibers Breaking at Different Locations 


Average Breaking 
Tenacity in g/grexat 
30% 60% 
R.H. R.H. 


Increase 


(%) 
Empire fibers breaking 
at reversals 1.19 1.42 19 
between reversals 1.26 : 36 
Lockett 140 fibers breaking = | 
at reversals 1.93 J 10 
between reversals 1.81 4 31 





frequency of reversals along the fiber, to the fraction 
of fibers preferring to break at reversals, and to the 
relative strength of fibers which break at and be- 
tween fiber reversal. These observations indicated 
the need for a more careful study of the reversal 
distribution and breaking properties of various cot- 
ton varieties with the view of explaining the superi- 
ority of some cottons with, respect to their strength 
behaviors. The present paper reports additional in- 
formation obtained on this subject. The methods 
applied in obtaining this information were essentially 
those described in the previous publication [2] and 
will not be repeated here in detail. Suffice it to point 
out that the reversals were observed under a polar- 
izing microscope with a quarter-wave plate and that 
the location of break was determined by matching 
the broken fiber ends and seeing if they were simi- 
larly colored. Unless otherwise stated, all fiber 
breaks were performed by the routine methods em- 
ployed at Textile Research Institute and previously 
described [4]. 


Differences in Accessibility of Fiber Weak Places 


In the previous work [9] it was concluded from 
the effects of moisture and hydrochloric acid hy- 
drolysis on the fraction of breaks involving reversals 
that the reversals are less accessible to effects of these 
chemical agents than are the weak places between 
reversals. Since an increase in moisture content in- 
creases the fraction of breaks at reversals and since 
the addition of moisture to cotton increases the 
breaking strength of the fibers, it might be expected 
that moisture should preferentially increase the break- 
ing stress for those fibers breaking between reversals. 
This effect was observed for the two cotton varieties 
listed in Table I. It can be seen from these data that 
for a change from 30% to 60% R.H., those fibers 
breaking between reversals increase in strength about 
2.5 times as much as fibers breaking at the more 
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highly ordered reversals. The hypothesis outlined 
above is thus verified by the observations. 

It was previously shown that swelling the cellulose 
with strong caustic eliminates the cause of prefer- 
ential breakage at the reversal. It was reasoned 
that such drastic swelling would relax such internal 
stresses as may exist at the reversal locations. Since 
relaxation is a time-dependent phenomenon, it might 
also be expected that, even with a mild swelling agent 
such as water, breaking fibers very slowly would re- 
duce the number of breaks involving reversals. In 
order to test this hypothesis, 51 Sak cotton fibers 
were broken under water in the Textile Research 
Institute tester [8] at a rate of elongation of only 
0.5% per minute. Only 19, or 37% of these fibers, 
broke at reversals, whereas when the fibers were 
broken rapidly in water 48% had breaks involving 
reversals. This result, although statistically sig- 
nificant at a very low level, indicates that, if the fibers 
are broken under conditions in which the internal 
stresses are permitted to relax during the stretching 
process, the breakage at reversals is substantially 
reduced. 


ACALA 44 X 
PIMA 32 O 


WATSON MEBANE 


O 


MONTSERRAT P, 
SEA ISLAND ca 
YA 
7 EQUALITY 
LINE 


MESILLA 
ACALA 


te 
OO ” 
PERUVIAN 


4 TANGUIS 
rs 


_-« 
a. 
= 
‘oa 
iY) 
z 
uJ 
J 
ax 
uJ 
a) 
kK 
we 
(e) 
> 
U 
ag 
uJ 
a 
2 
”) 
a 
S 
LJ 
«x 


& 


TRIPLE 
O HYBRID 


20 25 30 
REVERSALS PER CM (BASE) 


Fig. 1. Plot of reversal frequency in the base two-thirds 
of cotton fibers versus that in the tip one-third of the fiber 
length for various cotton types. 
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These observations thus support the picture of re- 
versals in relation to fiber-breaking claracteristics as 
previously outlined. It becomes of considerable in- 
terest, then, to discover how reversals are distributed 
in various cotton samples. 


Reversal Distributions 
Reversal Characteristics of Individual Fibers 


Although reversals may be found along the entire 
length of an individual fiber, in general the frequency 
of reversals is about 50% greater in the tip one- 
third of the fiber than in the base two-thirds. This 
conclusion is based on approximately 2000 whole 
fibers which were examined from end to end. Now 
it is known that in ginning, opening, picking, and 
carding considerable fiber breakage occurs and that 
much of this involves breakage of tip ends. Part 
of this must be due to the fact that at the tip end, 
which may be as much as a third of the fiber length, 
the fiber becomes thinner and smaller in size, and 
hence weaker. Part of this breakage may be caused 
by the larger number of weak reversals present in 
this portion of the fiber. 

It has been suggested that cotton fiber bends or 
kinks are related to fiber reversal structure. In 
order to investigate this hypothesis, a study was 
made to determine if the reversals are more frequent 
in the vicinity of fiber bends. In this work a fiber 
bend was defined as a location along the long axis 
at which the fiber direction changed more than 30°. 
Fifteen fibers were examined by counting reversals 
in fiber bends as well as reversals between fiber 
bends. All reversals in the curved portion of the 
bend were counted as being included in the bend. 
It was established that approximately one-third of 
the cotton fiber length was involved in bends and, 
hence, that substantially more than one-third of the 
fiber reversals should be located at bends if the 
hypothesis were to be supported. Of 1693 reversals 
counted, 525 were involved in fiber bends. Thus, 
there were found to be approximately two reversals 
in straight sections of the fiber for every reversal 
present in bends of the fiber. A definite relation be- 
tween reversals and bends is not indicated from 
these data. 

In a later study an attempt was made to relate 
reversal frequency with fiber crimp. No correla- 
tion between these two factors was observed, fur- 
ther indicating that the structural reversals are 
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probably not responsible for the bends or kinkiness 
of the fiber. 

It should be mentioned at this point that there is 
a wide range of reversal frequency when individual 
fibers are compared. Fibers containing as low as 8 
and as high as 50 reversals per centimeter were ob- 
served. One fiber was found to contain as many as 
116 reversals per centimeter in the tip end. The 
coefficient of variation for reversal frequency for in- 
dividual fibers both in the base end and tip end of 
the fibers was found to be in the range of 20 to 25%. 


Reversal Properties of Various Cotton Samples 


Of the various hypotheses for the cause of re- 
versals in cotton fibers which have been proposed, 
one is that the fiber in growing out from the seed is 
forced to take a new direction occasionally due to 
the crowded conditions in the cotton boll. If this 
condition is a real cause, then one might expect that 
the reversal frequency should be related to boll size. 
In order to investigate this factor, large and small 
bolls (with diameters differing by a factor of 2) of 
Coker-100 cotton were obtained from the Pee Dee 
Agricultural Experiment Station at Florence, South 
Carolina. These bolls were of comparable maturity, 
grown on the same cotton plant but differing only in 
size. Fifty fibers from 3 large bolls and 50 from 3 
small bolls were examined for reversal frequency. 
It was found that fibers from the large boll had 25.2 
reversals per centimeter, whereas fibers from the 


small boll had 28.2 reversals. This difference was 


statistically significant and would seem to support 
the hypothesis outlined above. 


The real extent of 
crowding in the boll, however, is not known because 
many other factors such as fiber number, size, and 
length, as well as boll size, will be important in 
determining the conditions within the boll. 

Rather large differences in reversal frequency may 
be observed for different cotton varieties, as the re- 
sults in Figure 1 have already illustrated. Some 
cottons have more than twice as many reversals as 
others. If fiber reversals are an indication of weak 
points in the fiber, it would seem desirable to have a 
cotton with as few reversals as possible both in the 
base and the tip ends of the fiber. The Triple Hybrid 
variety seems to be outstanding in this respect. 

When the average reversal frequency was related 
to mechanical fiber properties of the various varieties 
studied, significant correlations were observed with 
average elastic modulus and breaking stress of the 
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o 
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15 20 25 
REVERSALS PER CM 
Fig. 2. Relation between reversal frequency and elastic 


modulus (in g/cm*/%) for various cotton types, corrected to 
a common fiber cross-sectional area. 


cottons. These are illustrated in Figures 2 and 3. 
It is seen that cottons with low reversal frequencies 
have high elastic moduli and high breaking-stress 
values. In the case of breaking stress, Montserrat 
Sea Island and Acala 44 X Pima 32 do not conform 
to this general relationship. 

Both Berkley [3] and Meredith [6] have shown 
that there is a relation between X-ray and convolu- 
tion angle on the one hand and breaking strength on 
the other. For stronger cottons the cellulose chains 
and fibrils are more nearly parallel to the long axis 
of the fiber. These observations, along with the fact 
that reversal frequency is related to fiber strength, 
make it clear that reversal frequency is also strongly 
related to fiber orientation; that is, fibers with high 
orientation have fewer reversals than fibers which 
have low orientation. The reasons for this rela- 
tionship will probably not be clear until more is 
known about the development of the fiber structural 
features during its growth. 


Breaking Properties of Fibers 


Individual Fibers 


Just as fibers differ with respect to the frequency 
of reversals along the length of the fiber, so they 
also differ in their tendency to break at reversals. 
Some fibers tend to have very few breaks at re- 
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Fig. 3. Relation between reversal frequency and breaking 
stress (in g/cm’) for various cotton types, corrected to a 
common fiber cross-sectional area. 


CORRECTED BREAKING STRESS (G/CM?) 


30 


versals; others have many. This fact is illustrated 
in Table II, which lists the number of breaks in- 
volving reversals for 9 fibers which were broken a 
large number of times. Just for these 9 individual 
fibers the fraction of breaks involving reversals varied 
from 12 to 64%. 

Breaking strengths were obtained for multiple 
breaks on Sea Island fibers initially more than 40 
mm in length. In all cases the rate of elongation 
was about 20% per minute. After each break, the 
fragments of fiber remaining were remounted and 
broken again until the sections were too small to be 
handled further. In this way as many as 25 break- 





TABLE II. Preferences of Breaking Location for Individual 
Fibers of Cotton Broken Several Times 


Per Cent of 
Total Breaks at 
Breaks Reversals 


8 y 12 
21 3 14 
13 15 
9 i 33 
13 38 
9 44 
16 56 
10 60 
25 64 


Breaks at 
Reversals 
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FIBER A 


BREAKING LOAD (GRAMS) 


FIBER C 


0 


DISTANCE FROM ROOT END (MM) 


Fig. 4. Variations in breaking loads for short elements 
along the lengths of two Sea Island cotton fibers differing 
greatly in their preference for breaks at reversals. X = 
break at reversal; O = break between reversal. 


ing strengths were observed for a single fiber. Each 
break was classified with respect to type and loca- 
tion in terms of distance from the base end of the 
fiber. The results were plotted as breaking strength 
profiles, shown.in Figure 4. It is apparent from 
these that the fibers tend to break first near the tip 
end where the weakest elements are to be found. 
Other weak elements are found all along the fiber. 
The strongest of these may be as much as 6 times 
the strength of the weakest in a single fiber. 


Average Breaking Tendencies of Cotton Samples 


The fraction of fibers breaking at reversals when 
individual fibers of a cotton sample are broken in a 
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standard breaking test has been used to characterize 
the cotton sample. This practice has been followed 
in the work reported below. 

In the previous work it was found that increasing 
the gauge length of fiber broken resulted in an in- 
crease in the fraction of fiber breaks involving re- 
versals. This effect might be expected in cottons 
containing many more reversals at the fiber tip, 
which would more likely be involved in a long break- 
Island cotton, however, in 
which the number of reversals in the tip end of the 
fiber is not appreciably greater than that in the base 
end of the fiber, the reverse is true; that is, for 


ing length. For Sea 


longer length specimens the fraction of breaks in- 
volving reversals decreases with increasing gauge 
length in the test. 
Table III. 
order to establish the relationship implied by these 
results. 


This tendency is indicated in 
Other cottons should be investigated in 


In the course of evaluating the mechanical be- 
havior of a number of different cottons by single- 
fiber tests, the locations of break for all the fibers 
tested were also determined. It was thus possible 
to explore the relations which might exist between 
the break and the other 


mechanical properties of the fiber, either for in- 


location of in the fiber 
dividual fibers or for fiber samples of various cotton 
types or varieties. 

In this way it was established that, in general, as 
fiber size or cross-sectional area as determined by 
the vibroscope method |7] increased, the fraction of 
fibers breaking at reversals decreased. This rela- 
tionship is illustrated in Figure 5, in which each 
160 fibers. 
Eighteen different cottons are represented by these 


point represents average values for 
data. 

For these cotton types the fractions of breaks in- 
These 


fractions were correlated with average fiber crimp, 


volving reversals varied from 32 to 57%. 


Hookean slope, breaking load, breaking elongation, 
breaking stress, elastic modulus, and energy to 


TABLE III. Effect of Breaking Length on 
Location of Break 


Cotton 
Breaking 
Length 
(mm) 


Fibers Breaking at Reversals 
(%) 
Sea Island Sak Stoneville 
5 47 36 33 
10 40 38 34 
25 38 46 47 
40 33 53 — 





PERCENT BREAKS 
AT REVERSALS 


32 


0.4 


1.2 20x10 


FIBER CROSS-SECTIONAL AREA (CM@) 


Fig. 5. Change of fraction of breaks involving reversals 
with fiber cross-sectional area. 


break. Only the correlations with breaking elonga- 
tion and energy to break were significant. Since 
energy to break is closely related to breaking elonga- 
tion, only the plot of the latter versus fraction of 
fibers breaking at reversals is shown. (See Figure 
6.) The reason for this relationship is not yet 
understood. 

In another investigation the properties of fibers 
from normal bales of a Deltapine 15 cotton sample 
were compared with fibers from bales of the same lot 
which had been found to be “cavitomic.” Cavitomic 
cotton [5], which results from microbial action on 
the fibers, exhibits a shorter staple length, lower 
strength, and less efficient processing behavior than 
is found for the normal undeteriorated cotton. It 
is believed that the effects associated with cavitomic 
cotton can be attributed to excessive breakage of 
fibers during processing [10]. This breakage is 
probably due to localized weakening of the fibers 
which results from the microbial growths. In the 
comparison of fiber properties, it was discovered 
that the fraction of fibers breaking at reversals was 
appreciably reduced in the cavitomic sample. Only 
37% of the fibers broke at reversals, as compared 
to 45% for normal undeteriorated cotton. Since 
only a very small fraction of the fiber length is taken 
up by reversals, a chance weakening such as that 
which would be expected by microbial activity would 
result in a higher number of nonreversal breaks. 


Reversals and Fiber Strength 


In the previous report it was indicated that the 
mean breaking strength of cotton fibers breaking at 
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Fig. 6. Relation between fiber elongation to break and 
fraction of fibers breaking at reversals for various cotton 
types. 


reversals may differ somewhat from those breaking 
between reversals and that, apparently, there is a 


varietal effect in this respect. Similar data have 


been obtained on 16 additional varieties, which have 


been tabulated in Table IV. It is seen that for 


some varieties the strength of fibers breaking at re- 
versals is as much as 25% greater than that of the 
fibers breaking between reversals. In others, the 
fibers breaking between reversals are as much as 


TABLE IV. Average Breaking Stresses at and between 
Breaks for Different Cotton Varieties 


Ratio of 
Breaking 
Stregths 
for Two 
Types of 
Breaks 


0.96 
0.97 
0.87 
1.19 
1.03 


Fibers Average Breaking 
Break- Stress for Fibers 
ing at Breaking 
Rever- —— a 

sals at 

(%) 
Montserrat Sea Island 47 
Peruvian Tanguis 57 
Acala 4-42 35 
Pima 32, Test No. 2 40. 
Acala 44 < Pima 32, F; 52 

(roller-ginned) 

Coastland 185 53 
Sealand 542 32 
Triple Hybrid 458 32 
Acala P-18C 47 
Deltapine 15 52 
Watson Mebane 50 
Empire 37 
Stormproof No. 1 40 
Stoneville 62 40 
Rowden 41B 38 
Delfos 7343 50 


between 
Reversais Reversals 


5.14 5.34 
4.19 4.33 
3.53 4.06 
5.87 4.93 
5.42 5.26 


Fiber Identification 


5.16 
4.51 
5.98 
3.64 
4.68 
3.34 
3.84 
3.72 
3.34 
3.37 
3.60 


5.76 
4.31 
4.75 
3.34 
4.29 
4.37 
4.21 
3.47 
3.52 
4.40 
4.13 


0.90 
1.05 
1.26 
1.09 
1.09 
0.76 
0.91 
1.07 
0.95 
0.77 
0.87 
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35% stronger than the fibers breaking at reversals. 
For several thousand fibers involving more than 20 
varieties, the reversal breaks were found to be about 
6% weaker than breaks between reversals. 


Discussion and Conclusions 


The results of this investigation confirm and ex- 
tend the information regarding cotton-fiber reversals 
as weak places in several important directions. The 
concept of higher order cellulose at reversal sites is 
supported by the preferential increase of the strength 
of nonreversal weak places by an increase in moisture 
content of the fiber. The picture of fibers breaking 
at reversals because of the internal stresses present 
at these places is also confirmed by the change in 
average location of break when the breaking rate is 
decreased. 

The wide variation between fibers with respect to 
reversal frequencies and breaking preferences is not 
unexpected for a natural fiber in which all property 
values have high coefficients of variation. Such 
variations make the differences between cotton va- 
rieties seem relatively unimportant. Yet the cor- 
relations between reversal frequency on the one hand 
and elastic modulus and breaking stress on the other 
indicate that there are real average differences be- 
tween cottons which are undoubtedly related to the 
fiber morphology. In general, cottons with fewer 
reversals, with fewer breaks at reversals, and with 
stronger reversals, are cottons which exhibit higher 
fiber, bundle, and yarn strengths. The development 
or selection of cottons with few reversals would, 
therefore, appear to be a beneficial procedure for the 
improvement of strength properties. 

Of particular interest in this connection is the 
observation that fibers have many more reversals in 
their tip ends than in their base portions and that 
cottons differ appreciably with respect to this char- 
acteristic. It would appear, then, that cotton-fiber 
tips break off readily in processing not only because 
the tip ends are of smaller cross-sectional area, but 


591 


also because they contain many more weak places 
per unit length of fiber. Since this fiber breakage 
results in a rather serious deterioration of raw cot- 
ton quality both in terms of processing efficiency and 
product quality, the development of cottons with 
short tip regions containing no more reversals than 
the basal ends of the fibers would appear to be a 
worthwhile step for the improvement of cotton as a 
useful fiber. 
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Density of Modified Cottons Determined with 
a Gradient Column 


Rollin S. Orr, Louis C. Weiss, Harry B. Moore, and James N. Grant 


Southern Regional Research Laboratory,' New Orleans, Louisiana 


Abstract 


A rapid method which compares favorably in accuracy with that of slower methods 
for measuring the density of cellulosic materials with a gradient column is described. 
Densities of several cottons before and after chemical modification by partial acetylation, 
carboxymethylation, aminization, and mercerization are given. Per cent acetyl can be 
expressed as a function of density in a linear empirical equation over a range of 13 to 42% 
acetyl with a precision of + 2%. Density measurements of decrystallized, ball-mill 
ground, and acid hydrolyzed cottons were in agreement with the generally accepted con- 
cept of the crystalline-amorphous cellulose phase composition in these materials. Cotton 


from which water was removed by solvent exchange was found to have a high density 


before, and a low density after, air drying. 


Introduction 


Density or specific-volume measurements by im- 
mersion of porous substances in various liquids have 
proved valuable in many phases of research. For 
some measurements the exact density values are in 
doubt because of the uncertainty in the definition of 
boundaries of volume, especially where pores are of 
the order of molecular sizes. However, fundamental 
studies of polymer fine structure, such as crystalline- 
amorphous ratios of cellulose [10, 13, 22], changes 
of density of nylon with drawing and annealing [2], 
and the variations in density of cellulose with chemi- 
cal modifications such as esterification [16], have 
benefited from density measurements. 

The density-gradient column, introduced by Lin- 
derstrém-Lang [14], was first used for density 
measurements on cellulosic fibers by Tessler et al. 
[28]. It was used also by Stock and Scofield [27] 
in following resin take-up on wool and by Boyer 
et al. [3] 


polymers. 


in measuring crystallization rates of 
Preston and Nimkar [21] used the 
density-gradient column to measure the density of 
acetylated cotton and to make quantitative analysis of 
fiber mixtures. 

The present investigation describes the use of the 
density-gradient column in rapid determinations of 
density of raw cotton and of cotton subjected to 


1QOne of the laboratories of the Southern Utilization Re- 
search Branch, Agricultural Research Service, United States 
Department of Agriculture. 


various chemical and physical treatments, such as 
acetylation, mercerization, carboxymethylation, de- 
crystallization, acid hydrolysis, solvent exchange, ball 
milling, and grinding. 


Experimental 
Samples Used in Study 


The cotton samples used in this study were all 
commercial samples selected to represent a wide 
range in physical characteristics. The rayon sample 
in Table IV was from a high-tenacity viscose rayon 
yarn spun without finishing agents. 


Preparation of the Gradient Column 


The density-gradient column consists of a mixture 
of liquids of different densities, the density of the 
column increasing smoothly and nearly linearly 
from top to bottom. A sample placed within the 
column comes to rest at that position which cor- 
responds to its own density. For measurements on 
cotton, carbon tetrachloride is suitable for the bottom 
or denser liquid, and a mixture of carbon tetra- 
chloride and a lighter liquid such as xylene is suitable 
for the less dense, or top, liquid. 

Methods of preparing density-gradient columns 
have been described frequently in the literature |[3, 
14, 21, 28]. For studies here reported the columns 


are usually prepared in 100- or 250-ml graduated 





Fig. 1. Density-gradient column containing calibration 
floats and samples and showing accessories: A, bent wire 
for mixing; B, small cupped screen. 


cylinders. The lighter liquid is first introduced. The 
heavier liquid is then added slowly by means of a 
long-stem funnel reaching to the bottom of the 
graduate. After stratification the smooth gradient 
is established by moving a bent wire (A, Figure 1) 
up and down in the column. Gradients covering a 
small range in density are remarkably stable and 
under good conditions will last for weeks. Further- 
more, deteriorated columns can be easily regenerated 
by drawing off liquid where needed, adding liquid 
of the proper density, and remixing. 

3efore preparing the column, the liquids are 
ordinarily dried over anhydrous calcium sulfate for 
several days. Phosphorous pentoxide, while an 
excellent desiccant, has been avoided for drying 
purposes because of the possibility of contaminating 
the liquids and reacting with the cellulose [11]. 
Further drying of both the column liquids and sam- 
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ples is achieved by suspending dried hot cotton or 
rayon cords in the column. are held 
straight by weights to prevent them from interfering 
with the samples. 


The cords 


By conditioning the cords prior 
to insertion in the column they may also be used 
to bring the column and samples to equilibrium with 
any desired relative humidity. The columns are kept 
tightly stoppered to keep out atmospheric moisture. 

The. gradient columns should be kept in a room 
with temperature controlled to+1°C to prevent 
rapid mixing and to insure accurate equilibrium 
density values. The temperature should be con- 
trolled below 35° C because at this temperature the 


density of CCl, approaches the density of raw cotton. 


Calibration of Columns 


The column is calibrated with small hollow glass 
floats of predetermined densities. These are made 
by sealing both ends of short lengths of experi- 
mentally prepared thin-walled tubing in a_ small 
oxygen flame. The most practical float size is 2 to 
3 mm in diameter and as short as can be prepared 
(about 3mm). As the floats are prepared, they are 
cooled and placed in a previously calibrated gradient 
column. The technique for float preparation is 


varied to keep their density within the desired range. 


After several hundred floats have been made, they 


are easily separated into sets of approximately uni- 
form density differences. <A floats 


covering the range of densities at close intervals 


master set of 
from 1.3 to 1.6 g/cc was first selected. This set 
was calibrated by titrating xylene with carbon tetra- 
chloride in a pycnometer until the glass float therein 
would neither sink nor rise. It is essential that no 
appreciable gradient be established in the pycnometer 
by insufficient mixing or by temperature difference. 
The use of colored glass in making the master floats 
is preferable as they are then more easily identified 
in the column. Furthermore, new sets of another 
color can be calibrated easily in a gradient column 
by comparison with the master set. 

The density at any point in a column is obtained 
by plotting the density of the calibrated floats against 
their position opposite the graduated scale of the 
column. The resulting curve is usually sigmoid in 
The 


density of a sample is found by reading the density 


shape and nearly linear in the center section. 


on a chart corresponding to its graduate-scale posi- 
tion on the curve. The column must be calibrated 


ach day that measurements are to be taken, since 
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diffusion gradually alters the gradient. Alterna- 
tively, the density can be estimated to a fair degree 
of accuracy simply by interpolation between floats. 
Thus, with floats differing by 0.005 g/cc and a 
gradient of not more than 0.002 g/cc per cm of 
column height, accuracies of 0.001 g/cc can easily 
be obtained. Absolute accuracies better than this 
are difficult to obtain, due to slight variations in 
preparation of the sample. However, reproducible 
density differences as small as 0.0002 g/cc can be 
measured where samples are prepared together in a 
test tube and placed in the same column. 

Floats and samples can be removed without no- 
ticeable damage to the column by means of a small 


fine-mesh cupped screen (B, Figure 1) attached to: 


a rod. 


Preparation of Samples 


Samples for the column are usually prepared by 
tying knots in yarns or hand-prepared roving and 
cutting close to the knot. By using single, double, 
or triple knots for yarns or roving, several samples 
can be prepared together and placed in the same 


column. This practice is especially desirable where 
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the main interest is in the difference of density be- 
tween samples, rather than in the absolute values. 
Balls of fibers can be formed by rolling short lengths 
of fibers (14 to % in.) between. the thumb and fore- 
finger. Also, samples of finely divided material, 
such as cut cotton or acid hydrolyzed residues, are 
formed into thin briquettes in a hydraulic press under 
pressures of less than 5000 Ib/in.*. The placing of 
loose cut fibers in the column is to be avoided except 
for special purposes, since they are difficult to re- 
move. 

A method of preparing samples similar to that of 
Hermans and Vermaas [12] was first used to insure 
that the fibers were free of gas and moisture. Sub- 
sequently, less rigorous and tedious methods were 
developed which give equivalent density values to 
within the experimental error of the gradient column. 
The usual method, now employed, consists of drying 
the sample in a test tube several days over a good 
desiccant, heating in dry xylene at 110° C for 2 hr, 
and boiling in CCl, for 10 min to remove entrapped 
air. The boiling process is carried out by immersing 
the test tube in an oil bath maintained at a controlled 
temperature. For meaningful results, it is essential 
that gas bubbles be rigorously excluded and that the 





TABLE I. Density Values of Untreated and of Modified Cottons as*Measured by the Hermans 
and the Density-Gradient Methods 


Test 
Method 


Hermans 
Gradient 


Sample 
Identification 


Rowden 41B 


Acala 1517 Hermans 


Gradient 
SxP Hermans 
Gradient 
Coker 100 Wilt Hermans 
Gradient 
Stoneville 2B Hermans 
Gradient 


Hermans 
Gradient 


Deltapine 14 


Hermans 
Gradient 


Average 


* Yarns chemically modified while held at constant length. 


+ Yarns held at constant length during mercerization. 
t Yarns permitted to shrink during aminization. 


Treatment 





Partial 
Carboxy- 
methylation* 
(gm/cc) (gm/cc) 
1. 1.531 1.531 1.512 
1.5: 1.530 1.534 1.512 


Amini- 
zation{ 


Merceri- 
zationt 
(gm/cc) 


Untreated 
(gm/cc) 


1.55 1.52$ 1.510 
1.55 F 1.53 .508 


1.550 x Z. 
1.550 1.539 1.533 


Degree of substitution ranges from 0.113 to 0.130. 


Degree of substitution ranges from 0.039 to 0.045. 
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moisture content of the cotton be accurately known. 
The porous nature of cotton and of most cellulosic 
fibers permits comparatively rapid drying, but special 
care must be taken to remove entrapped air. The 
possible effects of waxes or pectic substances remain- 
ing after the boiling were neglected. However, their 
effects on density are negligible, as will be shown 
from experimental results. 

Where heating at 110° C or above is undesirable, 
a longer drying period over a desiccant can be used. 

After boiling in CCl,, the samples are introduced 
immediately into the gradient column. At least 4 hr 
was found to be necessary to secure equilibrium 
values. The samples generally remain in the column 
24 hr for securing final values. 

The method of Hermans and Vermaas [12] was 
used also in preparing and measuring the densities 
of several samples, both of raw and of chemically 
modified cotton. In this method the sample is first 
heated at 100° C in a vacuum for 2 hr; the remain- 
ing air is then driven from the system by introducing 
carbon tetrachloride and boiling to produce vapors. 
The remaining carbon tetrachloride vapors are con- 
densed around the sample. The sample, enclosed in 
a tube with the carbon tetrachloride, is then trans- 
ferred to a bath where its density is matched to that 
of carbon tetrachloride which is changed by heating 
or cooling. The lower practical density limit of this 
method is about 1.476 g/cc, the density of carbon 
tetrachloride at its boiling point. This limitation 
makes the method unsatisfactory for measuring 
densities of partially acetylated cottons of high acety] 
contents, since their densities can be much lower 
than that of the carbon tetrachloride. 


Results and Discussion 
Comparison of Density Methods 


In Table I are given fiber-density measurements 
of six cottons, made by the two methods on un- 
treated, carboxymethylated [23], mercerized, and 
aminized [9] cottons. As can be seen from the in- 
dividual observations, the agreement between the 
two methods is closer for the untreated and aminized 
than for the other modified samples. For instance, 
the average difference between the two methods 
was 0.0013 and 0.0022 g/cc for the untreated and 
aminized, respectively; it was 0.003 for carboxy- 
methylation and 0.0065 for mercerization. A pos- 
sible explanation for differences in density measure- 
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ments obtained on short sections of yarns in which 
swelling treatments such as mercerization are in- 
volved could be the effects of variations in tensions 
on these sections during the treatment. Local varia- 
tions in yarn djameter and twist cause variations in 
stress; these in turn might cause variations in the 
extent of decrystallization and reaction during the 
modification the freedom of the structure, 
whether fiber, yarn, or fabric, is known to affect the 
amount of decrystallization in, for example, mercer- 
ization [20]. Also, in preparing these samples for 
density determination, the greater moisture absorp- 
tion of partially carboxymethylated cotton [23] re- 
quires longer periods of drying, and incomplete dry- 
ing may have introduced small differences. 


since 


Density of Acetylated Cottons 


In Table II are given density values by the density- 


gradient method for samples of Lockett variety cot- 





TABLE II. Density of Acetylated Cottons by the 
Density-Gradient Method 

Acetyl 
Content 

(%) 
Lockett 0.0 
Lockett 10.1 
Lockett 13.2 
Lockett 18.4 
Lockett 
Lockett 
Lockett 
Lockett 
Lockett 
Lockett 
Lockett 
Lockett 

(Fiber tips) 
Lockett 

(Fiber centers) 
Stoneville 2Bt 
Deltapine 14f 
Coker 100 Wiltt 
Rowden 41Bt 
Acala 1517t 
SxXPT 
Rowden 41B 
Rowden 41B 
Rowden 41B 
Stoneville 2B 
Stoneville 2B 
Stoneville 2B 21. 
Deltapine 15 15. 
Deltapine 15 19. 
Deltapine 15 20.! 


Sample 


Density 
Identification 


(gm/cc) 


_ 


.550 
SZ 
483 
465 
456 
435 
421 
410 
406 
.385 
.340 
425 


au wo 


wn 
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404 
419 
427 
430 
435 
AIT 
AT7 
448 
438 
476 
.460 
441 
472 
448 
.440 


* From the Lockett sample containing an average of 22.4% 
acetyl. 
¢ Cottons listed in Table I. 
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ACETYL CONTENT (%) 


1320 “1560 


B60 1400 1440 


DENSITY (gm/cc) 


1480 1520 


Fig. 2. Relation between acetyl content and density of 


acetylated cotton. 


ton with a wide range in per cent acetyl content and 
for other varieties at variovs per cent contents of 
acetyl. It will be noted that the densities of samples 
of equal acetyl content vary little with variety. An 
exception is S X P whose low density may be due 
to the low density of the raw sample. This low 
density is in agreement with the low crystalline- 
amorphous ratio found for this sample, which will 
be discussed later. As would be expected from the 
higher densities found for the raw cotton, the density 
values for acetylated cottons are consistently higher 
than those of regenerated cellulose acetate given by 
Malm et al. [16]. Also, they are slightly higher 
than the values on acetylated cotton reported by 
Preston and Nimkar [21]. In the present study, 
the average per cent acetyl contents were based on 
the dry weight of the samples. 

The data of Table II, except for the fiber tips and 
centers, are shown plotted in Figure 2. From Fig- 
ure 2 and by least square fitting, it was concluded 
that the acetyl content of cotton, within the range 
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from 13 to 42%, can be determined approximately 
as a linear function of the density by the equation 


Per cent acetyl = 200(1.55 — density) 


where the density is in g/cc. The per cent acetyl 
calculated from the density by the above equation is 
found to be within 2% of the acetyl content deter- 
mined analytically. 

Differences in color of sections along the dyed 
acetylated cotton fibers indicate that the degree of 
acetylation is greater near the tip ends than along 
the center sections of the fibers [5]. Acetylated 
cotton fibers consisting of tip sections of all fibers are 
found to have a lower density value than their center 
sections (Table Il). However, no difference was 
observed in the density of sections cut from the 
centers of raw cotton fibers and those from the ends. 

When ethylene dibromide or propylene dibromide 
was used as the heavy component of a mixture for 
a density-gradient column, unusually high density 
values for acetylated cottons were obtained. Using 
the loss in weight upon immersion in a liquid 
(Archimedes) principle, the density of cotton of 
22% acetyl content was found to bé 1.44 g/cc in 
both ethylene dibromide and in xylene, a value 


equivalent to that found with the xylene-carbon- 


tetrachloride mixture. However, the density of 
this sample in a 50-50 mixture of ethylene dibromide 
and xylene was 1.54 g/cc, a nearly 7% increase. 
No increase in the density of raw cotton when im- 
mersed in the mixture of ethylene dibromide and 
xylene was observed. <A _ possible explanation for 
this discrepancy in density of acetylated cotton would 
be a preferential attraction of ethylene dibromide for 
the acetyl group, thereby increasing the concentration 
of the heavier liquid at the expense of the lighter 
liquid within the fiber. When the sample is trans- 
ferred from the column containing the dibromide to 
one of xylene and carbon tetrachloride, the density 
value decreases to approximately that (1.44 g/cc) 
obtained in the latter. The effect of this mixture on 
the density of acetylated cotton differs from the cor- 
responding effect of such polar swelling agents as 
water and alcohol on the density of cellulose. This 
will be discussed later. 


Density of Untreated Cottons 


In Table III are given density values for different 
varieties of untreated, water-boiled, and scoured cot- 


ton samples. Cottons extracted for 8 hr in ethanol 
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TABLE III. Density of Untreated, Water-Boiled, and 
Scoured Cottons of Different Varieties 
Un- 
treated 
(gm/cc) 
1.554 
1.549 
1.546 1.546 1.545 
1.542 1.545 1.545 
* Boiled 2 hr in 1.5% NaOH at atmospheric pressure. 


Water- 
Boiled 
(gm/cc) 
1.547 
1.545 


Scoured* 
(gm/cc) 
1.546 
1.544 


Sample 


Hopi Acala 50 

sSxP 

Deltapine 15 

St. Vincent Sea Island 





were found to give essentially the same density 
values as untreated cottons which had not been 
extracted. The probable explanation for this is that 
the waxes present on the cotton fiber which would 
alter density values significantly are removed by the 
hot carbon tetrachloride during the preparation of 
the samples for density measurement. The smaller 
differences of fiber densities of the varieties after 
water boiling or alkali scouring may be due to re- 
moval of water-soluble substances. The density of 
alkali-scoured cotton does not increase as might be 
expected from increases in crystallinity [18]. 


Crystalline and Amorphous Cellulose 


The density of pure dry cellulose in nonswelling 
liquids is theoretically dependent on the percentage 
of crystalline material, the crystalline form, and the 
state of the amorphous portion. The density of 
crystalline cellulose as calculated from X-ray dif- 
fraction measurements is 1.582 g/cc for cellulose 
I, according to Lyons [15], and 1.592 and 1.582 
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g/ce for cellulose I and II, respectively, according 
to Hermans [10]. Some evidence is found that the 
density of amorphous cellulose measured in non- 
swelling liquids approaches a lower value of about 
1.50 g/ec [10]. <A generally recognized fact is 
that most degradative chemical reactions such as 
acid hydrolysis will attack the more accessible or 
amorphous portion of the cellulose preferentially. 
This has been used as a basis for the acid-hydrolysis 
kinetic method of determining percentage of crystal- 
line materials in both native and modified celluloses 
[17, 20]. The residues after such hydrolysis are 
more crystalline and should have densities nearer to 
that of the cellulose crystal. 


In Table IV are given 
density values of untreated raw cotton, of samples 
differing both in degree of crystallinity and in crystal 
type, and of the hydrolysis residues prepared from 
A direct comparison of densities of the hy- 
drolysis residues is not possible, since samples are 


them. 


not hydrolyzed to equivalent percentages of residues. 
In each pair the hydrolyzed residue has a higher 
density than the unhydrolyzed control. However, 
the hydrolyzed residues of samples of low crystal- 
linity have densities lower than those of native cot- 
ton. Density values for these cellulose materials are 
in general agreement with those given by Hermans 
[10, p. 64] on cellulose samples of similar crystalline- 
amorphous ratios. The value for the ball-milled 
sample approximates his proposed value for amor- 
phous cellulose, a result consistent with the loss of 
X-ray diffraction arcs which is observed in such 
samples. 





TABLE IV. Density of Cellulose Samples and Their Hydrolyzed Residues 


Density 





Original 
Sample 
(gm/cc) 
Cut cotton (20 mesh) 1.547 
Kiered cotton yarn 1.547 
Cotton linters 1.541 
Mercerized yarn 1.533 

1 

1 


Sample 
Identification 


Viscose rayon 4382 

Decrystallized yarn 521 
(Cellulose III) 

Decrystallized yarn 1.5 
(Cellulose I)§ 

Ball-milled cotton le 
(480 min) 


* Percentage of original material after hydrolysis. 


Hydrolyzed 


Hydrolysis 
Residue* 
(%) 


Residue 


Crystallinityt 
(gm/cc) 


(%) 
96 91 
4h 89 
92 70 


90 30 


92 25 


+ Crystallinity of original sample determined by acid hydrolysis method [17]. 


t Ethylamine removed by evaporation. 
§ Ethylamine removed with solvent. 
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Density of Cellulose Dried by Solvent Exchange 


The density values for cellulose have been found 
to depend on the displacement medium used to make 
the determination. The high density value found 
by Davidson [6] when using helium was attributed 
to the greater penetration of the smaller helium 
molecule into the cellulose and consequent greater 
proportion of pore space occupied. A lower density 
was reported by Wakeham [29] for cellulose satu- 
rated with dioctyl phthalate; this low density was 
attributed to the inability of large molecules of 
dioctyl phthalate to penetrate as far into the cellulose 
interstices as do the smaller molecules. The density 
value of cellulose (1.61 g/cc) in swelling (polar) 
liquids, such as water, is even higher than that ob- 
served in helium [6], which was considered to 
penetrate unhindered and to fill up the volume of 
the pores completely. It is higher than the density 
of crystalline cellulose (1.582 to 1.592 g/cc) [10, 
p. 16]. This high value in the case of water was 
at one time attributed to the compression of water 
under the strong attractive forces of the molecules 
[7, 25], but this view has been generally abandoned 
in favor of a more adequate explanation [10, p. 198 
et seq.]. This latter explanation considers water and 
amorphous cellulose to be in mutual solution in a 
swollen condition but with contraction of total vol- 
ume. The mechanism is undoubtedly comparable to 
the increase in density which is observed at certain 
concentrations of mixtures of sulfuric acid and water, 
which is greater than that of either liquid indi- 
vidually. 

Evidence was found by Forziati et al. [8] from 
the quantity of nitrogen absorbed that swollen cel- 
lulose retained a part of this open structure if the 
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swelling solvent was replaced with a liquid of lower 
swelling power. It was reported by Campbell and 
Russell [4] that a sample of cotton when solvent 
exchanged from water to alcohol and then to benzene 
had the same density of 1.6 g/cc while in each of 
these liquids. This high density value, which is 
also greater than that of crystalline cellulose, was 
attributed to penetration of the liquids into the voids, 
which in the unswollen state are inaccessible. 

In the present investigation, density values of 
1.568 g/cc were found for cottons after they were 
solvent exchanged from water to methanol to acetone 
and then finally to a nonpolar solvent (Table V, Dry 
Gradient Column). While this is not as high as the 
values previously reported [4], it is comparable to 
the value reported for helium [6]. The high value 
obtained indicates a better penetration by nonpolar 
solvents which replaced the polar solvents. 

If, after a solvent-exchange process from a polar 
to a nonpolar liquid, the final liquid is removed by 
evaporation, some of the molecules are reported to 
be “locked in” or occluded and are difficult to remove 
even by heating [1, 19, 26]. Nonpolar liquids are 
not occluded unless they replace a swelling liquid by 
solvent exchange. It is generally believed that when 
the swelling liquid is replaced with a nonswelling one, 
collapse of the swollen structure is hindered by the 
presence of the nonpolar liquid. As this nonpolar 
liquid is then evaporated some of the molecules are 
trapped by the collapse of the cellulose structure. 
The amount of such occluded solvents in the extrac- 
tion of swollen jute is reported to depend upon the 
final solvent in the solvent-exchange process [1]. 

In the present investigation, when the final non- 
polar liquid in a solvent-exchange process from water 
was removed by evaporation, low density values 





TABLE V. Density of Solvent-Exchanged Cottons 


Sample Identification and Treatment* 


Stoneville 2B 
Final solvent not removed by evaporation 
Acetone replaced with carbon tetrachloride 
Acetone replaced with chloroform 


Acetone replaced with carbon tetrachloride and xylene 


Final solvent removed by evaporation{ 
Acetone replaced with carbon tetrachloride 
Acetone replaced with chloroform 


Acetone replaced with carbon tetrachloride and xylene 


Dry 
Gradient 
Column 
(gm/cc) 


Wet 
Gradient 
Columnt 

(gm/cc) 


Redried 
Gradient 
Column 

(gm/cc) 


1.568 
1.568 
1.568 


1.527 
1.508 
1.506 


* Samples solvent exchanged from water to methanol (absolute) to acetone (dry). 
+ No attempt made to reach a saturated moisture equilibrium. 
t Air dried 5 days over anhydrous calcium sulfate after evaporation of final solvent. 
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were found (Table V, Dry Gradient Column). Since 
the solvent-exchange process used in these investiga- 
tions was entirely similar to that in which the final 
solvent was shown to be occluded, it is assumed that 
the low density values here observed are due to 
occlusion of solvent. The density of cotton with 
occluded carbon tetrachloride is less than that of 
carbon tetrachloride (1.595 g/cc at 20° C) or the 
unswollen cellulose (1.55 g/cc), the low density 
values would indicate that the presence of the oc- 
cluded solvent molecules prevents the complete col- 
lapse of the cellulose structure. 

When the solvent-exchanged samples with the 
final liquid removed by evaporation were wet with 
water and then dried, the density increased (to 1.532 
g/cc) but remained less than that of untreated 
cotton. The occurrence of density values less than 
those of untreated cotton indicates that the solvent 
molecules are not completely removed by wetting the 
sample. However, if moisture is transferred to the 
solvent-exchanged samples from a moist cotton cord 
suspended in the gradient column, the density values 
are decreased (Table V, Wet Gradient Column). 
Then, if the water is removed from the samples by 
substituting very dry cotton cords for the wet ones, 
the density of all samples increases to values for un- 
swollen cellulose (Table V, Redried Gradient Col- 
umn). This increase in density values to those of 
unswollen cellulose would indicate that the occluded 
molecules have now been removed and that the cel- 
lulose structures of all solvent-exchanged samples 
have collapsed to equivalent conditions. 


Conclusions 


The density-gradient column offers a versatile, 
comparatively accurate, and rapid method for meas- 
uring a wide range of densities of small samples of 
untreated and modified cotton. 

A linear relation exists between the cellulose den- 
sity and acetyl content of partially acetylated cotton. 
The per cent acetyl of partially acetylated cottons can 
be estimated from the density to within 2% of the 
analytical value by using density-gradient columns 
of xylene and carbon tetrachloride as the displacing 
medium. Density determinations of acetylated cot- 
tons in columns formed with ethylene dibromide and 
perhaps certain other halogenated hydrocarbons gave 
spuriously high values. 

Differences in density between samples of raw 
cottons are largely removed by alkali scouring or by 
boiling in water. 
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Densities of decrystallized, mercerized, and ball- 
milled cottons and of their hydrolyzed residues are 
in general agreement with the present concept of the 
crystallinity of such samples. 

The density of cotton dried by solvent exchange is 
increased if the final solvent is not removed but is 
decreased if the final solvent is removed by evapora- 
tion. This lowered density is attributed to the 
presence of occluded solvent, which hinders the 
collapse of the swollen structure. 
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Short communications in the form of Letters to the Editor are intended to provide prompt 
publication of significant new research results and to permit an exchange of views on papers 


previously published in the JourNAL. 


These communications are not submitted to formal re- 


view as are research papers, and the editors do not assume any share of the author’s responsi- 
bility for the information given or the opinions expressed. When work previously published 
in the JourNAL is the subject of critical comment, the authors of the original paper are given 
an opportunity to submit a reply, which will be published concurrently when possible. 


Effect of Finish on Tire 


AMERICAN ENKA CORPORATION 
Research and Development Division 
Enka, North Carolina 

March 22, 1955 


To the Editor 
TEXTILE RESEARCH JOURNAL 


Dear Sir: 


Recently several articles on the role of finish in 
tire yarn have reflected the general opinion that 
finish is of major importance in cord formation. For 
example, this is the view of Warzee and Quintelier 
[1], who find a linear relation between the static 
coefficient of friction and the cabling loss and in- 
terpret this in terms of the cording process. Con- 
sequently it is thought that some experiments per- 
formed in our laboratories in 1953 will be of interest, 
although the work was of an exploratory nature and 
has not been developed thoroughly. Our tentative 
conclusion from this work was that the primary con- 
tribution of finish may be made during actual load- 
ing of the cord, making possible a better adjustment 
of the cord structure to loading and a better distribu- 
tion of the load among the individual filaments. The 
technique used in our measurements was simply to 
remove the finish from the cord after it had been 
twisted or to apply it only after unfinished yarn was 
twisted. Aluminum spools and a spool winder were 
designed so that the cords could be placed in Soxhlet 
extractors without relaxing any tensions or untwist- 
ing. Extraction time was 4 hr with ethylene di- 
chloride followed by a 1-hr soaking in alcohol. Tests 
with a Beckman Type DU Spectrophotometer could 
detect no remaining finish after this procedure. In 


Cord Breaking Strength 


the case of the unfinished yarn, finish was applied 
to the cords after they had been formed (and wound 
on the aluminum spools) by soaking them in an 
ethylene dichloride solution containing an appropri- 
ate amount of finish. The finish in every case was 
Nopco 2169-M and the cord construction was 12 
x 12. 

The above procedures gave us four types of sam- 
ples whose strengths could be measured: (a) normal 
cord in which finish was present during both cording 
and breaking, (b) cord containing finish during ring 
twisting but free of finish during testing, (c) cord 
twisted without finish but containing finish during 
testing, and (d) cord made and tested without finish 
at any stage of its history. Our test results are 
shown in the following table. 


Finish 
Present 
During 
Cording 
Yes 
Yes 
No 
No 


Finish 
Present 
During 
Testing 

Yes 
No 
Yes 
No 


Conditioned 
Strength 


227 g/100 den 
194 ¢/100 den 
221 g/100 den 
196 ¢/100 den 


Sample 


Since the above figures indicate the finish con- 
tributed to cord strength only if it was present during 
testing, these results were further checked by con- 
struction of cords on a so-called precision twister on 
which two equal lengths of singles yarn are twisted 
to a desired number of turns and then wrapped 
around each other and untwisted at the same time. 
The above conclusions were ‘even more strongly sup- 
ported by measurements of cords made in this man- 
ner, with some indication that the presence of finish 
during this process might actually be detrimental. 
It is difficult to explain this in terms of filaments 
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slipping into their proper place but since this type 
of cord formation is of little interest, we have been 
more concerned with the actual ring-twisting results. 

It seems that the apparent dependence of cord 
strength on the static coefficient of friction found by 
Warzee and Quintelier can be as logically related to 
adjustment of the cord elements during loading as to 
an improved cording process: that is, the cording 
process may be regarded as a dynamic one in which 
the dynamic coefficient of friction should be effective, 
whereas the loading of a cord in a tester is more 
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nearly a static process in which one can expect the 
static coefficient of friction to have major importance. 

While it is recognized that finish is certainly neces- 
sary in commercial processing, we feel that much 
more work is needed in determining which com- 
ponents of a finish are important in the various 
processing steps. 


Literature Cited 
1. Journal Textile Institute 46, 123 (January 1955). 


J. P. PARKER 


Difficulties in Stripping Orlon Dyed by Cuprous Ion Technique 


NortH CAROLINA STATE COLLEGE 
School of Textiles 

Raleigh, North Carolina 

March 22, 1955 


To the Editor 
TEXTILE RESEARCH JOURNAL 


Dear Sir: 


It frequently has been reported that Orlon dyed 
by the cuprous ion technique, if stripped and redyed 
using the same technique, will be excessively dull in 
shade. Some authors have also noted that dyed 
Orlon-wool blends have become brown upon ironing 
or steaming. The cause of the dulling or browning 
has apparently not been discussed and information 
resulting from work in this laboratory may therefore 
be of interest. 

A tentatively accepted mechanism of Orlon dyeing 
by the cuprous ion method postulates an initial re- 
action in which cuprous ion combines by means of 
coordinate bonds with one or more nitrile groups, 
followed by formation of a salt linkage between the 
dye anion and the cuprous ion. We have found it 
difficult to strip dyes satisfactorily from fiber dyed 
by such a mechanism (presumably), but it usually 
can be accomplished by successive treatments in 


acidified sodium chlorite (NaClO,). However, a 
considerable proportion of combined copper remains 
in the Orlon after the dye has been removed. At 
temperatures above 212°F the residual copper pre- 
vents subsequent dyeing with acid dyes or acetate 
dyes without decided dulling or browning of the 
shade. In fact, when stripped fiber was held at 
230°F in water alone for 30 min, it turned a dark 
brown in the absence of any dye. Steam under pres- 
sure or dry heat gave similar results. The extent of 
the discoloration was obviously affected by concen- 
tration of copper in the Orlon and by time and tem- 
perature of treatment; under extreme conditions the 
Orlon-copper complex produced a black fiber. A 
method involving first the treatment of the cuprous 
ion dyed yarn with synthetically prepared sodium 
salt of polyamine acids followed by treatment in a 
fresh bath with sodium chlorite in the presence of 
nitric acid was reasonably effective in preventing dis- 
coloration of stripped material on re-exposure to high 
temperature. This suggests that some extraordinary 
means of removing the bound copper is indicated if 
undesirable effects in redyeing are to be avoided. 


Dev Ray SHARMA! 
K. S. CAMPBELL 


1 Present address, The Ahmedabad Textile Industry’s Re- 
search Association, Navrangpura, Ahmedabad 9, India. 
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Papers Presented 


at 


T. R. lL ANNUAL MEETING 
MARCH 10-11, 1955 


Textile Education, Graduate and Undergraduate’ 
Bertrand W. Hayward? 


Because the textile industry is almost a world 
itself, within the world, textile education makes very 
good sense indeed. The scope of the industry sug- 
gests this, including as it does chemistry ; engineer- 
ing ; mechanical processing ; physical science ; human 
relations; community services and problems; per- 
sonnel service; governmental problems, both na- 
tional and international; problems of merchandising, 
marketing, and distribution ; public relations ; adver- 
tising; salesmanship; manufacturing; costing; con- 
verting ; styling ; design ; color problems ; administra- 
tive and mill organizations ; finance ; and research, all 
interlaced with the related and inescapable problems 
of people living and working together. With due 
apologies to the magazine there is a “textile world.” 

Because of this, textile education, which extends 
from short-term special courses to diploma courses, 
through bachelor’s, master’s and doctor’s degrees, is 
essential to the welfare and progress of the industry. 
Around the world there are important executives 
and supervisors who owe much of their success to 
textile college education. This is not to say that no 
one succeeds in textiles without a textile education. 
Men of ability, courage, initiative, and requisite 
toughness succeed everywhere and anywhere, even 
without much formal education of any type. But, 
take out of the industry now the men who are 
graduates of our textile colleges, block off from in- 


1 Delivered at 25th Annual Meeting of Textile Research 
Institute, Hotel Commodore, New York, March 10th, 1955. 

2 Chairman, Education Committee, Textile Research In- 
stitute. 


dustry the students now enrolled in our textile col- 
leges, and any sickness the industry has known be- 
fore would be like glowing health in comparison. 

Occasionally it is possible to find someone highly 
critical of textile colleges. Since there is plenty to 
be critical about, it would be refreshing and valuable 
if this criticism came from someone who knew what 
textile education is like today. Unfortunately, most 
of the expressed criticism is about what textile col- 
leges used to be, rather than what they are. To 
criticize textile education for what it is can be very 
helpful. However, it is of questionable value to 
listen to persons who have not taken the trouble to 
find out what textile colleges now are. What they 
are, although they are imperfect, to be sure, is a 
credit to the colleges themselves and to the industry. 
One item, by the record, that should now be out of 
the realm of controversy is whether or not there 
should be special textile education at the college 
level. Arguments as to this are merely verbal 
badminton games with words for shuttle-cocks and 
nobody keeping score. The facts are available for 
those who will not refuse to see them. 

What are the problems of the textile industry? An 
almost immediate answer would be how to halt the 
decline of textiles’ share of the consumer dollar. 
This decline is a result of problems—it is a symptom 
of illness, not itself a disease. 

The enthusiasm that young people from 8-88 have 
for new car models is not matched by anything in 
textiles, with the possible exception of the interest of 
a select group of women in couturier fashions. This 
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enthusiasm for new car models did not happen by 
chance. It was vigorously propagated by every 
known method and the discovery of several new ones. 
It developed because of creative thinking in the auto- 
mobile industry about its markets, its problems, and 
its consumers’ preferences and opinions. When you 
create real excitement and active markets for cars 
which require acrobatic twists to enter and leave, 
many of which are built so that a person over 6 ft 
cannot sit upright with a hat on or get his legs under 
the steering wheel, you really know how to develop 
consumer response. If anyone wants an answer as 
to whether engineering or style sells cars today 
probably Chrysler would provide that answer. The 
consumer expects the best in engineering and quality 
as a minimum; he buys because of style. At least, 
this is true of industries which attract the favorable 
attention of the consumer. 

Style ought to mean the incorporation of technical 
advances in functional and attractive design, not 
merely an effete trick for a quick return. Auto- 
mobile styling is progressive, not cyclical. No one 
will create a new look for automobiles by copying 
the Model T in the next few years or by exploiting 
dark shades. 

Here, then, is a major problem for textiles—the 
proper use of its rich new raw materials for ap- 
propriate end uses, the styling and design of the 
fabrics and garments to create wide consumer in- 
terest and appeal. Fortunately, the creativity of 
the great chemical industry is being applied here and 
will, in the long run, be of great value to everyone in 
the textile industry. 

Fundamental research in the properties of fibers 
and blends, as done at the Textile Research In- 
stitute ; applied research for improved processing, as 
performed at any textile college; and close coopera- 
tion of textiles and chemical manufacturers in these 
areas can offer much. If the textile industry can 
learn from the chemical industry some of its crea- 
tive powers for new products and its ability to create 
markets for them while the chemical industry is 
learning the excellent processing techniques of tex- 
tiles, progress ought to be assured. Such a program 
will not eliminate any fibers; it will, rather, help to 
get them bought with enthusiasm. 
companies are eager to learn. 


The chemical 
The du Pont Com- 
pany is working with the Philadelphia Textile In- 
stitute on comprehensive training programs in tex- 
tiles for personnel in its Textile Fibers Division. 


lege thoroughly developed by our industry ? 
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So far we have had no requests from the textile 
industry to work with us on improved methods of 
marketing, merchandising, and consumer research. 

All the textile colleges are equipped to work more 
closely with the textile industry and the chemical 
industry in providing educated personnel of potential 
executive caliber, in research, in special training 
programs, as potential instruments for greatly im- 
proved public relations, as special meeting places for 
technical groups, as pilot plants for inexpensive 
exploratory runs of yarns and fabrics, and as design 
centers. As pools of creative talents of many kinds 
our textile colleges offer the industry unexcelled 
services. Are these potentialities being thoroughly 
exploited? Are investment opportunities in our col- 
If edu- 
cation in our textile colleges can help to keep the 
textile industry progressive and primed, as many 
people believe it can, then it is up to our industry 
corporations and associations to be sure that the 
fullest values are being received by industry from 
the colleges. No other industry has the remarkable 
educational services available to it that the textile 
industry has. It is up to all of us to see that the 
fullest possible investment is made to achieve the 
fullest possible potential. Since the admonition 
against hiding your light under a bushel comes from 
a highly respectable source, it is also desirable to 
let the general public know what is being done. 

A speech, an article, a letter, or a book that does 
not lead to action (or in the field of literature, ap- 
preciation and thought, both of which are types of 
action ) is a needless use and, indeed, abuse of words. 
If nothing is going to be done the speaker, the 
listener, the writer, the reader have all wasted their 
time. Lack of action is unfortunately much more 
usual than any action. There is inertia in human 
What we all must do is keep 
hitting hard to punch across the ideas that we believe 
in time after time, with every method, until finally 
enough of us are thinking the same way, and words 
do become action. 

In 1952 the President of the then Lowell Textile 
Institute addressed this annual meeting of the Tex- 
tile Research Institute. It was an excellent address 
on Textile Education and the Challenge of the 
Future. No one could have done a better job than 
Marty Lydon did. 
admirable. 


relationships too. 


The suggestions he made were 
The trouble is, as it so often is with 
speeches and probably will be with this one, nothing 
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happened. Or, if it did, someone is being very 
secretive about it. His recommendations were (for 
they deserve review) : 

1. There should be exchange professorships among 
the textile colleges. 

2. Academic leaves of absence for textile pro- 
fessors to devote a year to research should be pro- 
vided. 

3. Leaves of absence from industry to education 
and education to industry should be instituted. 

4. There should be an acceleration and imple- 
mentation of the integration of industry and educa- 
tion. 

To underscore the fact that no criticism for any 
lack of action is reflected upon the President of 
Lowell we need only to look at recommendations 
made by the President of the Philadelphia Textile 
Institute in America’s Textile Reporter, in Modern 
Textiles, and in countless addresses before technical 
and professional groups. In general, these have 
been for greater recognition and support to textile 
education from industry as an investment. As Less- 
ing Rosenwald, former chairman of the Board of 
Sears, Roebuck, and Co., wrote in a recent letter in 
the New York Times: 


The theory is advanced that the funds which are allocated 
to institutions of higher learning are legitimate business 
expenses and should be so considered. Every year our large 
corporations employ thousands of graduates of colleges and 
universities, particularly from engineering schools, who have 
received four years of basic training for their new jobs at 
no direct expense to the corporations. If these courses were 
not available at colleges or universities, the corporations 
themselves would, of necessity, have to give these new em- 
ployes the basic training at their own expense. 

It seems logical, therefore, to expect corporations to pay 
to institutions of higher learning at least a portion of the 
costs which they would otherwise have to assume themselves. 


Other recommendations have been for better career 
information to young people for the industry, better 
public relations through closer cooperation among 
the many, many textile associations, joint education- 
industry committees of a continuing nature to discuss 
mutual problems, and more attention to textile educa- 
tion at the various textile associations meetings. 
Lately, there have been several important organiza- 
tions discussing the problems of the industry. Al- 
though a high percentage of participants were textile 
college graduates, no one mentioned the contributions 
that have been and could be made by the colleges in 
assisting in the solution of these problems. 
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Steps which do seem to be in the right direction 
are the increasing attention the Textile Research 
Institute is giving to the textile colleges, under Jack 
Dillon’s leadership; the progress of the Institute of 
Textile Technology, under “Toby” Hance; and re- 
ports that the American Cotton Manufacturers’ In- 
stitute is considering a permanent committee on 
education. This strong, effective association could 
be of great help to textile education nationally. 
American Viscose operates seminars for teachers of 
textiles. The of Textile 
Chemists and Colorists is investigating the publica- 
tion of Careers in Textiles Through Chemistry. 
These are all encouraging signs of an awakening to 
the even greater potential value of textile education 
at all levels. 


American Association 


Others are increased scholarships, such 
as the Arthur Besse Memorial, the Celanese Design 
Contest, and the American Association of Textile 
Technology plaque, and increased research projects 
from du Pont and others. Scholarships to be really 
valuable to an institution of learning should pay for 
the full cost to the college of educating the student. 
For example, the tuition at Philadelphia Textile In- 
stitute is about $500. 
$1000. Only support scholarships of that amount 
are really helpful to us, but any scholarship aid is of 
assistance to individual students and is always wel- 


Our cost for each student is 


come. Many of the colleges find good friends in the 
woolen, worsted, and chemical industries. 

A very great need at the moment is a study similar 
to that conducted prior to 1934 by Frederick M. 
Feiker for The Textile Foundation and published 
in 1934 under the title The Training of Men for the 
Textile Industry. 
tions or some great textile association would finance 


If some group of textile corpora- 


a study of present-day textile education, much value 
to industry and education would result. 
more, favorable publicity for the textile industry for 
such a study would alone be worth its cost. 

The National Council for Textile Education bands 
together the textile school heads for semiannual meet- 
ings. 


Further- 


The Council has met with and been the guests 
of many organizations, including the Textile Re- 
search Institute, the du Pont Co., Avondale Mills, 
and the Institute of Textile Technology. Invitations 
for future meetings have been accepted from Celanese 
and the American Textile Machinery Association. 
Originally sponsored by the Textile Foundation as 
the National Association of Textile School Deans, 
this organization has developed in importance and 
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value to the extent that after an exchange of visits 
with British textile school heads, the counterpart of 
this organization has been formed in Britain. Our 
National Council is planning a study trip abroad 
this spring. The first meeting of this group of tex- 
tile school heads was in 1932 or 1933 and the work 
done followed the recommendations of The Textile 
Foundation’s study of textile schools after that re- 
port was published. 

The schools represented in this Council are, in 
order of the date of their founding: Philadelphia 
Textile Institute, 1883; Lowell Technological In- 
stitute, opened for instruction in 1897; Clemson 
Agricultural College, 1898; New Bedford Institute 
of Textiles and Technology, 1899; Georgia Institute 
of Technology, 1899; North Carolina State College, 
1899; Rhode Island School of Design, 1903 (al- 
though the school was founded in 1878) ; Bradford- 
Durfee Technical Institute, incorporated in 1899 but 
opened in 1904; Texas Technological College, 1925; 
and Alabama Polytechnic Institute (textile division), 
opened in 1929 and 1930. 

The Institute of Textile Technology and the Tex- 
tile Research Institute are now also members of the 
National Council. It might be desirable, although 
dangerous, to mention outstanding characteristics 
and accomplishments of each of these institutions. 


These are my own impressions only and can carry 
no more weight than the personal impressions of 


another president or dean who might have different 
opinions. 


Alabama Polytechnic Institute is notable for a 
recent revival under Cleveland Adams and for a very 
interesting cooperative educational program with 
mills in its area. It would seem to have a bright 
and important future. 

Bradford-Durfee Technical Institute has become a 
technical institute retaining textiles as an important 
part of the educational program. Coombs Hall, 
named for “Les” Coombs, the President, provides 
modern science laboratories and dyeing facilities. 

Clemson Agricultural College, under Hugh Brown, 
has grown rapidly and offers a graduate program, 
research, and technological machine improvements. 
Recently it has had the largest enrollment of any of 
our textile colleges or divisions. 

Georgia Institute of Technology has modern labo- 
raturies and equipment, a graduate program, and 
close mill relationships. Herman Dickert provides 
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able leadership for this A. French Textile School at 
Georgia Tech. 

Lowell Technological Institute has become a tech- 
nological college, retaining textiles, but developing 
stress on engineering, plastics, leather, and elec- 
tronics. President Lydon has been extremely suc- 
cessful in securing funds from the Massachusetts 
Legislature for remarkable expansion of buildings 
and equipment. Lowell offers a graduate program 
and has an important research department. The 
new Alumni Library, although not the newest build- 
ing in a great expansion program, is impressive and 
important. 

New Bedford Institute of Textiles and Technology 
has become a technical institute, retaining textiles, 
and has a new building program underway. 
Foster is President. 

North Carolina State College has a nuclear re- 
actor, a quarter million dollar annual business for 
its research program, and a dean who has built a 
strong faculty with good salaries. The textile school 
has new buildings and equipment and provides grad- 
uate study. With state and private funds it probably 
has the best financial support of any textile college. 
Dean Campbell deserves great credit. 

Philadelphia Textile Institute is the only complete 
unit privately owned and operated under one ad- 
ministrative head devoted exclusively to textile edu- 
cation. Philadelphia graduates are proud of their 
sound knowledge of fabrics. The Institute at Phila- 
delphia is completely new and is located in beautiful 
surroundings. A residence hall of 150 students will 
be ready in the fall of this year. A successful re- 
search program for industry and government is a 
recent development. Students from more different 
countries attend P.T.I. than any other textile col- 
lege. The Hesslein Library is a famous textile 
Faculty members are devoted and capable. 
This is equally true of the faculty members in all the 
textile colleges. 

Rhode Island School of Design’s textile depart- 
ment is excellently equipped, is well housed, and is 
ably headed by William Fales, a veteran in textile 
education. The general reputation of the school and 
the textile department has always been excellent. 

Texas Technological College has a textile-division 
under a new leader, Raymond K. Flege. Their work 
is directed at engineering and problems of their 
geographical area. 


John 


library. 


A new program is being de- 
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veloped in research and education which will be im- 
portant. 

The Textile Research Institute and the Institute 
of Textile Technology are devoted exclusively to 
graduate education and research. We will talk 
more fully about the Textile Research Institute edu- 
cational program later. 

None of these statements should be considered as 
in any way complete. Each college does much more 
than can be indicated in the time available. These 
personal impressions were given only to make it 
evident that any young man or woman interested in 
a textile college education has 10 outstanding institu- 
tions from which to choose. Whichever one seems 
to fit each applicant’s particular needs best will pro- 
vide an opportunity for an excellent education. 

The Textile Research Institute is revamping its 
educational program, and this is an important step 
in the history of textile education, offering as it does 
great potentiality for even closer cooperation between 
the Institute and the textile colleges. The valuable 
research program of the Textile Research Institute is 
well and favorably known around the world. Per- 
haps its educational program is undeservedly less 
known. The Institute has a rich resource for its 
educational program in Princeton University’s li- 
braries and faculty in addition to its own excellent 
facilities and staff. Textile Research Institute fel- 
lows have formed the nucleus for the research group 
at the laboratories, and 15 of the 32 Ph.D’s are work- 
ing with member firms. 

It has been apparent that a gap exists between 
the B.S. degree from textile colleges and the Prince- 
ton Ph.D. at the Textile Research Institute. Many 
firms are not at present able to absorb many men at 
the doctorate level, but are badly in need of men 
with advanced training ; to meet this need, it has been 
decided to begin an M.S. degree program at the In- 
stitute. The fields will be in chemistry and engineer- 
ing, and the standards of selection will be set by the 
Institute staff in consultation with Princeton. The 
period of study will be 2 years for the M.S. with the 
possibility that qualified candidates may continue for 
2 more years for the Ph.D. in chemistry or engineer- 
ing from Princeton. The Textile Research Institute, 
as a chartered educational institution in the state of 
New Jersey, plans to award the M.S. degree. Con- 
ferences with the New Jersey Department of Educa- 
tion are underway. The student while working for 
his M.S. degree will be a qualifying graduate student 
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at Princeton. It is this that brings about the pos- 
sibility of closer cooperation with textile colleges. 
Not all textile college graduates offer all the science 
courses Princeton expects for admission to graduate 
study. This is a reflection on neither Princeton nor 
the textile colleges. Admission problems are in- 
evitable where educational programs have different 
goals. If a premedical student wished suddenly to 
study theology he would have additional, different 
required courses to make up. Even if he wished 
to change his medical specialty there would be prob- 
lems. A common misconception is to mistake dif- 
ference for mediocrity or superiority, and the reason 
for this elaboration is to make clear that different 
goals do not necessarily mean inferior educational 
programs. An educational program is neither “good” 
nor “bad” except in relationship to its objectives. 
Textile college programs have traditionally been 
directed to producing graduates who are immediately 
useful to industry. These graduates also acquire a 
background of general study and an understanding of 
the scientific approach which expands their po- 
tentialities for growth in service. 

At any rate, through this new Textile Research 
Institute program, selected textile college graduates 
may more readily qualify for the new M.S. degree 
and the Princeton Ph.D. as well. The new program 
should serve to provide many more applicants for 
Institute fellowships, and this is desirable and needed. 
Also, it should provide many more men with ad- 
vanced education who have a technical background in 
textiles through the textile colleges. 
should be extremely useful to industry. The men 
produced should have a real interest in the fiber 
field as well and should be of great value to the 
fiber industry. 


There will be 


These men 


detailed announcements of this 


program forthcoming and it is necessary to say only 
that there is a high potential in the Textile Research 
Institute M.S. degree work and it is an advance of 
importance in the history of textile education. 

To review, the points we have presented here are 


as follows: 

1. Textile colleges are vastly improved, and the 
specialized higher educational programs which they 
present are established as valuable beyond reasonable 
debate. 

2. The textile industry has all the equipment, 
facilities, and resources necessary at its command 
to secure its fair share of the consumer’s dollar 
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3. It can be helped to do this if, through research, 
education, and public relations, the textile industry 
with its associations and allied groups will more 
effectively support the textile colleges and work more 
closely with its other service organizations, such as 
the Textile Research Institute and the Institute of 
Textile Technology. 

4. Better evidence of this would be provided if 
recommendations from the colleges, such as Lydon’s 
address, Campbell’s remarks on marketing and mer- 
chandising, and my few suggestions were acted upon 
more frequently and aggressively by corporations 
or associations. 

5. Perhaps the most valuable action would be con- 
tributions for a study of textile education today 
similar to that produced by the Textile Foundation 
in 1934. Not for 21 years has there been a national 
study by an unprejudiced committee on the needs 
and accomplishments of textile colleges. This is a 
wonderful opportunity for those corporations and 
associations who express great interest in textile 
education but cannot contribute to any one college 
because they cannot afford to contribute to all. The 
National Council for Textile Education probably 
could accept such contributions and plan an adequate 


study of textile education for general distribution to 


the industry and the public. If the textile industry 
is interested, arrangements could be quickly com- 
pleted to implement this suggestion. 

6. The Textile Research Institute is making avail- 
able a new program for M.S. degrees which should 
bring the textile colleges closer to the Institute and 
provide more men with sound technical backgrounds 
in textiles plus an advanced scientific education for 
the textile and allied industries. 

The textile colleges and research institutes related 
to them are proud of the work they do in education 
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and research for industry and for the government. 
The Textile Research Institute is ably staffed and 
has an extremely competent and interested group 
serving as Trustees. It and the other service or- 
ganizations are a credit to the textile industry. Not 
enough credit comes to the textile industry for its 
excellent work in making possible such institutions. 

On the other hand, the industry does not exploit 
to the fullest the potential of all these organizations. 
It certainly does not make widely enough known, as 
do other industries, what it is doing in the support of 
textile education and research. This is an excellent 
device for improved public relations which has been 
almost completely overlooked. The textile industry 
is too great and too important to the defense of our 
country to be given away on a pretext of world needs 
because of lack of public information about the in- 
dustry, its work, its problems, and its accomplish- 
ments. 

In order to keep this discussion to a reasonable 
length [ have made specific mention only of the col- 
leges and institutions that are members of the Coun- 
cil, since I am most familiar with their curricula. 
However, these and other research, education, and 
joint educational-research organizations have done 
much for the industry. Properly understood and 
cultivated, their potential is even greater than their 
accomplishments to the present. 

It is to be hoped that even closer and more com- 
plete cooperation is now in the process of being 
achieved. It would be unfortunate if we had to join 
Whittier in that phrase that only a New England 
accent could make a couplet : 


“Of all sad words of tongue or pen 
The saddest are these, it might have been.” 
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Chemical Structure and the Useful Properties 
of ‘Textiles’ 
Arnold M. Sookne 


Harris Research Laboratories, Inc., Washington, D. C. 


I. Introduction 


It has frequently been remarked that it is possible 
to make a silk purse from a sow’s ear, and some in- 
vestigators have actually gone to the unusual length 
of performing this operation. Nevertheless, it is 
very much easier to make a good purse from silk, a 
fact which is closely connected with the chemical 
structure of this fiber. Likewise, it is by no means 
accidental that it is easier to make an elegant necktie 
from silk than from most other fibers, or to make 
warm clothing from wool, washable items from cot- 
ton, etc. The suitability of these various fibers for 
the particular end uses mentioned is largely at- 
tributable to their chemical structures. 

The general relationships involved in going from 
a polymeric material to an end-use item are out- 
lined in Figure 1. As shown in this diagram, it is 
necessary for the chemical structure of the starting 


1 Presented at the 25th Annual Meeting of Textile Re- 
search Institute in New York City, March 10, 1955. 
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Fig. 1. General relationships involved in making a polymer 
into an end-use item. 


polymer to be suitable in order to obtain desirable 
fiber properties, although the influence of the opera- 
tion of fiber spinning on strength, fatigue resistance, 
and other useful properties is by no means negligible. 
Again, these fiber properties are translated through 
yarn spinning, weaving, and finishing into desirable 
end-use properties. While the operations repre- 
sented by the arrows in Figure 1 exert very con- 
siderable influences on the final properties of the 
fabric or end-use item, it is still true that the de- 
sirable properties of the latter are influenced to a 
major degree by the chemical properties of the 
starting material. 

A somewhat expanded version of the relationships 
shown in Figure 1 is given in Table I. The three 
principal features of the chemical structure of poly- 
mers intended for use in fibers are the length of the 
polymer chains, their arrangement in the fiber, and 
the forces between the chains; these are all inter- 
related. It is rather presumptuous to reduce the 
most desirable fiber properties to a number as small 
as five, but certainly the five properties listed are 
among the most important which could be possessed 
by a textile fiber. An attempt has also been made 


TABLE I. Expanded Version of Relationships 
Shown in Figure 1 
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to list the most important end-use properties for 
clothing, on the one hand, and fabrics which are 
intended for industrial, household, or military use, 
on the other. 

It is the purpose of this discussion, as indicated by 
the title, to show some of the more important rela- 
tionships between the chemical structure of fibers 
and the useful properties of textiles made from them. 
This is not to say, of course, that one cannot success- 
fully make some textile items out of almost any fiber. 
In the field of dress goods, for example, factors such 
as appearance, color, or luster may in some cases 
prove to be much more important than the so-called 
functional characteristics, and the factor of cost leads 
to numerous compromises. The extent to which 
such compromises outweigh the advantages of in- 
herent chemical structure varies with the end use. 

Before discussing the relationships between chemi- 
cal structure and useful properties of fibers, I would 
like to say just a few words about fiber structure to 
provide a foundation for the discussion. 


II. Chemical Structure of Fibers 


Textile fibers are composed of polymer chains 
which are very long in comparison with their thick- 
ness ; for example, if a full-length cellulose molecule 
were to be magnified by a super microscope by a 
factor of one hundred million fold, it would be 
roughly as wide as one’s wrist, and about 50 yards 
long. Cellulose molecules vary greatly in length, 
depending upon their source and previous history, 
while polymeric raw materials in general vary tre- 
mendously from one another not only in length but 
also in their chemical composition. In fact, the one 
thing they have in common is the fact that they are 
very long compared with their thickness. A sche- 
matic representation of several widely differing poly- 
mers is given in Figure 2. The polyethylene chain, 
which represents merely repeating —-CH,— units, is 
about the simplest polymer which can be imagined. 
As you can see from its structure, it should be a very 
flexible, easily bent chain, and in spite of the fact that 
it can fit together nicely with its neighbors, it has no 
strongly attracting groups to hold its neighbors very 
tightly. Asa result, although polyethylene can form 
a neat, well-arrayed structure, it remains a rela- 
tively soft flexible polymer under ordinary condi- 
tions, and its melting point is low. The nylon chain 
shown next is similar to polyethylene, except for 
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Schematic representation of molecular chains of 
polyethylene, nylon, Dacron,? and cellulose. 


its occasional —CON H—., or amide, groups. These 
groups, however, can attract each other strongly and 
so hold neighboring nylon chains in a fixed position 
with respect to one another. The nylon molecule is 
conspicuous for the ease with which it spontaneously 
crystallizes to form small well-ordered regions, or 
crystallites, within the fiber. The inherent flexibility 
of the nylon chain, coupled with the strong forces it 
can exert on its neighbors and its ability to crystal- 
lize, account for the unusual combination of prop- 
erties attainable with this polymer, including its 
moderately high melting point. 

The Dacron * chain shown next can be seen from 
its structure to be relatively rigid compared with the 
former two. The high chain stiffness of Dacron, 
coupled with the strong attraction of the molecules 
for one another, accounts for the stiffness and high 
melting point of this polymer. Finally, the cellulose 
chain can be seen to be the bulkiest of all those 
represented, and in this molecule as well a com- 
bination of high chain stiffness and strong and 
frequent interactions between the hydroxyl groups 
of neighboring molecules makes for a fiber which is 


2Du Pont polyester fiber. 
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Fig. 3. Schematic representation of unoriented (left), 
oriented (cénter), and partially crystallized (right) polymer 
chains. 
stiff for its diameter. The forces between chains are 
so great in cellulose that the polymer cannot be 
melted without decomposition. 

The long threadlike polymer molecules of which 
fibers are composed can be oriented or aligned so 
that they are all in approximately the same direction. 
The left side of Figure 3 shows a schematic repre- 
sentation of a group of polymer chains which have a 
random configuration, as contrasted with an oriented 
group of chains in the center diagram. In the right- 
hand picture, small sections of the fiber are repre- 
sented as having crystallized; ie., the units com- 


yosing the chains have arranged themselves in an 
| g 


orderly crystalline fashion. The ability to form 
such small crystals is an important feature of certain 
fiber structures. These small ordered units or crys- 
tallites can also be oriented, and in fact this is a 
common feature of most of the man-made, truly 
synthetic fibers. A schematic representation of the 
orientation of crystallites in a fiber is shown in 
Figure 4. In this diagram, the left-hand portion 
shows crystalline elements floating in an amorphous 
matrix, with the crystallites oriented in every direc- 
tion; this is represented by lumps of sugar floating 
in a jar of honey. In the right-hand diagram, the 
crystallites have been oriented in one direction, that 


is, in the direction of the fiber axis. This arrange- 


Schematic representation of unoriented 
and oriented (right) crystallites 


(left) 


ment is ‘known as uniaxial orientation, the type 
which is common in fibers. 

Let us now proceed to discuss some concrete ex- 
amples of the relationships which exist between 
chemical structure of polymers and useful textile 


properties. 


III. Relations Between Chemical Structure and 
Useful Properties of Textiles 


The close connection between one important chem- 
ical characteristic, the chain length of a polymer, and 
the important properties of flexibility and fatigue 
resistance is shown in Figure 5 [8]. The upper 
curve shows the number of repeated flexings or fold- 
ings which can be sustained by a film of cellulose 
acetate as a function of its molecular chain length; 
this property may be considered as a sort of fatigue 
resistance. Below a given chain length, it is impos- 
sible to make a self-supporting film, and as the chain 
length is increased the fatigue resistance rises to a 
maximum value. Similar relationships between other 
useful mechanical properties have been described in 
great detail in the literature, and one example is 
shown in the lower curve, which depicts the re- 
lationship between ultimate elongation and chain 
length. The importance of the conservation of chain 
length for obtaining maximum fatigue resistance has 
lately been realized both for viscose rayon intended 
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Fig. 5. Relationships between flexing resistance and chain 
length of cellulose acetate (above), and between ultimate 
elongation and chain length (below). 


for tire cord [3] and for the rubber used in tires. 
In recent years, there has been an increasing trend 
toward use of materials of higher and higher molecu- 
lar weight (i.., longer chain length) for these 
purposes, and particularly toward the elimination of 
low-molecular-weight components. 

The influence of the forces between molecules cn 
the useful properties of fibers and textiles is shown 
in Table II, taken from Mark [6], which shows the 
active groups present in a number of polymers which 
form rubbers, plastics, or fibers. The last column 
shows the calculated attractive energy between 
chains, or molar cohesion. Those polymers which 
have molar cohesions between 1000 and 2000 cal/M 
are rubbers; i.e., the molecules are sufficiently free 
to move about so that they form materials which are 
soft, stretched, and low in melting 
point and have long-range, rubberlike elasticity. On 
the other end of the scale, those substances with 


weak, easily 


molar cohesion values above 5000 cal/M act as fibers ; 

e., they form materials which are hard, stiff, and 
strong, with high melting points and very limited 
extensibility. The materials with intermediate molar 
cohesion values form plastics, with properties be- 
tween those of the rubbers and fibers. The one ex- 
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TABLE II. Intermolecular Forces of Some 
High Polymers [6 } 
Molar 
Cohesion 


(cal/M) 


1000 
1200 
1100 
1300 
4000 
1600 
2600 
3200 
4200 
6200 
4800 
5800 
9800 


Substance Active Groups 


CH: 

CH:z; CH; 

CH:; CH=CH 
CH2; CH=CCH,; 
CH2; CeHs 

CH:; CH=CCl 
CH:; CHCl 
CH; OOCCH,; 
CH:; CHOH 
OH ;s —O— 
OOCCH;; —O— 
CH.2; CONH 
CHR; CONH 


Polyethylene 
Polyisobutylene 
Polybutadiene 
Rubber 
Polystyrene 
Polychloroprene 
Polyvinyl chloride 
Polyvinyl acetate 
Polyvinyl alcohol 
Cellulose 
Cellulose acetate 
Polyamides 

Silk fibroin 


ception is polyethylene, the extreme regularity and 
high crystallinity of which act to stabilize the mole- 
cule and make it a plastic, rather than a rubber, at 
room temperature. Thus, the attraction between 
the long-chain molecules, their active groups, and 
their ability to fit with one another to form stable 
crystals determine whether the material will form a 
rubber, a plastic, or a fiber. These same factors also 
affect the usefulness of a polymer as a fiber former. 

Excepting the man-made protein fibers, in which 
the fiber-spinning process involves the formation of 
strong primary cross-links, one of the principal re- 
quirements for producing a useful man-made fiber 
is that the polymer should be capable of crystallizing 
An extremely interesting example of this is given 
by Hill [5] in commenting on the work of Whin- 
field in developing Terylene, or Dacron. As shown 
in the first line of Table III, the standard Dacron is 
made with terephthalic acid, which has a para con- 
figuration. The resulting polymer has a high degree 
of symmetry and crystallinity, so that its fiber-form- 


‘TABLE II. ‘Relationships between Ability to Crystallize 
and Fiber-Forming Properties of Some 
Polyesters [5 ] 
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Crystal- M 
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High 265 Excellent 
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High 346 Spinnable ; 
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Fig. 6. Schematic comparison of structure, softening 


point, and swelling of cellulose acetate (left) and cellulose 
triacetate (right). 


ing properties are excellent and its melting point is 
high. If the phthalic acid has the meta or ortho con- 
figuration (second and third lines), however, the 
polymer will not crystallize. The melting point of 
the polymer is low for both ortho and para products ; 
in the case of the meta polymer, the fiber-forming 
properties are poor, while the ortho polymer has no 
fiber-forming properties. The polymer based on a 
diphenyl skeleton, and shown at the bottom of Table 
III, is suitable from the point of view of crystallinity, 
but its melting point is so high that it is quite dif- 
ficult to spin. Thus, it is obvious that a compromise 
must be made between too low and too high a melt- 
ing point for the melt-spinning technique. 

An interesting example of the importance of 
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crystallinity for the useful properties. of fibers is 
shown in Figure 6, which depicts schematically the 
difference between the ordinary secondary cellulose 
acetate of commerce and cellulose triacetate, cur- 
rently being sold under the trade name “Arnel.” 
In the ordinary acetate, the presence of occasional 
hydroxyl groups inhibits crystallization of the poly- 
mer, both by the formation of hydrogen bonds be- 
tween the hydroxyls and by creating dissymmetry. 
In. cellulose triacetate, on the other hand, freedom 
from hydrogen bonds and higher symmetry permit 
the attainment of a considerably higher degree of 
crystallinity with more numerous small forces be- 
tween the molecules. As a result, fibers made of this 
material can be heat-set by conventional procedures, 
have a higher softening point, swell less when wet, 
etc. They thus possess many of the ease-of-care 
features of the more expensive man-made fibers such 
as nylon, Dacron, and Orlon;* e.g., they can form 
permanent pleats, can be washed by machine, dry 
rapidly, etc. It remains to be seen whether the im- 
proved properties of cellulose triacetate will be suf- 
ficient to compensate for its somewhat higher cost 
of production, i.e., whether it will become the poor 
man’s nylon or the rich man’s acetate. 

A related and interesting effect of crystallinity on 
useful properties is also shown in Figure 7, which 
depicts the effect of chemical substitution of the 
amide groups in nylon on the properties of the fiber. 
As the amide groups are substituted by alkyl groups 
which reduce the hydrogen bonding between mole- 
cules, the resulting product becomes softer and 
softer. Thus it goes from the state of a fiber to a 
rubber, a viscous liquid, and finally becomes a liquid. 
These data, presented by Hill [5], provide an elegant 
demonstration of the connection between fibers and 
rubbers, and while they have not been prepared on 
a commercial scale, experimental elastic nylons of 
this type have been produced. 

The importance of the orientation of polymer 
chains and crystallites to the useful properties of 
textiles is well illustrated by the cellulosic fibers, as 
shown in Table IV [4]. The highly oriented 
Fortisan H and Durafil are extremely strong, but 
their extensibilities are quite low. They are there- 
fore useful in those applications that require strength 
but not extensibility, such as certain forms of rein- 
forcement. The Tenasco, a British tire cord rayon, 
has intermediate strength and ultimate elongation. 


3 Du Pont acrylic fiber. 
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TABLE IV. Effect of Orientation on Some Physical 
Properties of Cellulosic Fibers [4 ] 

Dry 
Ultimate 
Strength Elongation 

(g/den) (%) 
Extreme 8-9 8 
Extreme 5.5 6-7 
High 3.6 18 
Moderate 2.0 18 
Low 1.0 40-50 
Extreme 3.8 5.5 


Dry 


Fiber 


Fortisan H 
Durafil 
Tenasco 
Rayon 
Rayon 
Acetate, high 
stretch 
Acetate Moderate 1.3 


Orientation 


30-35 


Its relatively high degree of orientation, coupled with 
the presence of small crystallites, imparts to it prop- 
erties which are ideal for reinforcement for struc- 
The ordinary tex- 
tile rayon, which may commonly have higher ulti- 
mate elongation than that shown, possesses a reason- 
able combination of strength and ultimate elonga- 


tures such as tires and beltings. 


tion for ordinary use in clothing. 
show the effect of orientation of crystallites and 
chains on the properties of regenerated cellulose 
of essentially the same composition. Similar effects 
are visible in acetate, in which, because of the low 
crystallinity, the orientation would be primarily that 
of the cellulose acetate chains themselves, rather than 
that of the crystallites. 

A classic example of the effect of both orientation 
and crystallinity on the useful properties of textiles 
is provided by the protein fibers silk and wool. 
Silk is almost unique among proteins in that a very 
high proportion of its amino acid side chains (shown 
as ® in Figure 8) are quite small residues formed by 
glycine, alanine, and serine. The smallness of these 
groups permits close approach of the long silk chains 
to one another, and the fully extended highly oriented 
conditions of these chains, coupled with the presence 
of numerous attractive groups, makes for highly 
crystalline compact regions in most of the fiber. It 
is to these structural features that silk owes its high 
modulus and strength. In a smaller portion of the 
silk fiber, the presence of very bulky side chains 
formed by tyrosine and phenylalanine provides re- 
gions in which the crystallinity of the silk fiber is 
relatively low. It is believed that these more 
amorphous regions provide silk with its ability to 
recover, especially from relatively small deforma- 
Thus, the structure of silk gives this fiber 
high resistance to small deformations, great strength, 
and good recovery from small deformations; this 
combination of properties makes silk unexcelled for 


These examples 


tions. 
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end uses requiring good draping and shape-holding 
properties, such as ladies’ dresses and ties, on the 
one hand, and fishing leaders, on the other. 

The structure of wool (Figure 9) is in marked 
contrast to that of silk. In wool, the side groups 
are quite bulky, preventing the formation of a well- 
ordered crystalline structure. In fact, the molecular 
chains are believed to be highly folded in the so- 
called alpha-keratin structure shown. As a result, 
the wool fiber partakes of some of the properties 
of a rubber, showing long-range elasticity, especially 
when the fiber is swollen by water. A limit to the 
swelling of wool is provided by the disulfide cross- 
bridges between chains shown in Figure 9; these 
give the wool fiber good recovery from stretch in the 
wet state. It is this unusual combination of prop- 
erties that permits a relatively weak fiber like wool 
to provide good service in papermakers’ felts, for 
example, which must sustain repeated wet stretching. 

The folded molecular structure of wool is also 
responsible for another unique property, the firm 
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Fig. 8. Schematic representation of molecular chains of silk. 
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TABLE V. 
Fiber 
Nylon* 
Silk 
Dacron* 
Cotton 
Dynel* 


Crystallinity | Orientation 


++ ++ 
++ os 
ca + 
a ++ 


- + 
Rayon aa aa 
Orlon* + re 
Polythene 
Wool 


Acetate 


or a 


Vicara 


* Staple. 


but yielding “feel” or “hand” of wool fabrics when 
they are compressed, the yielding corresponding to 
gliding or unfolding of chains as the fiber is stretched. 
This property, which has been studied by Beste and 
Hoffman [2], is found in man-made protein fibers 
with a folded or disordered molecular structure, as 
well as in wool. Thus, it is the molecular structure 
of Vicara, Ardil, and other man-made protein fibers 
which leads to their soft, desirable hand, and makes 
these fibers particularly suitable for luxurious apparel. 

Bamford and his colleagues have been successful in 
spinning synthetic polypeptides based on the silk 
and wool structures, respectively [1]. In fact, they 
have been able to prepare folded or unfolded struc- 
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Crystallinity, Orientation, Strength, and Ultimate Elongation of Common Textile Fibers 


Ultimate 


Strength Elongation 


tures simply by varying the solvent from which these 
fibers were spun, and in so doing have altered the 
basic chemical properties, such as solubility, of the 
fibers so prepared. These fundamental studies pro- 
vide an unusual example of the possibilities of al- 
tering useful textile properties by changing chemical 
structure. 

The combined effect of both orientation and crys- 
tallinity on the strength of polymers in general is 
shown in Table V. As shown by this table, the wide 
range of crystallinity and orientation available in 
natural and synthetic 
strength spectrum. 


polymers creates a broad 
It is evident that the strongest 
fibers combine good crystallinity with good orienta- 
tion and the weak ones are deficient in one or the 
An exception to this rule is provided 
by polyethylene, which, as noted above, 
weak forces between the chains; 


other respect. 
has only 
its strength is in 
consequence low, in spite of its high orientation and 
crystallinity. The table also indicates in bar graph 
form the relative ultimate elongation of the fibers. 
The product of these two measures provides an in- 
dication of the abrasion resistance of the polymers 
listed. It should be noted that the strength, abrasion 
resistance, and usefulness of these fibers depend not 
only on the crystallinity and orientation, but also on 
the symmetry of their chains, the interaction be- 
tween chains, and the chain stiffness. 

Table VI presents Morehead’s data [7] for the 
cross-sectional swelling on wetting and the regain 
for ten textile fibers. These properties are measures 
of the hydrophilic character of the fibers, which are 
arranged in a series of descending hydrophilic prop- 
erties. The second colurn rates the fibers with re- 
spect to content of water-absorbing or hydrophilic 





TABLE VI. Hydrophilic Character and Useful 
Properties of Textiles 


Swell- Re- 
Sorptive Crystal- ing gain 
Groups linity (%) (%) 


++ + 65 14 
++ 26 16 
++ ++ 21 8 
Vicara ++ 19 13 
Silk ++ ++ 19 11 
Acetate + 6 
Orlon oo + 2 
Nylon a oboe J 3 
Dacron ++ <0.5 
<0.5 


Fiber 


Rayon 
Wool 
Cotton 


(Static) 


(Ease of care) 
(Dyeability) 
(Comfort) 


Dynel + 





Some Ideal End-Uses for Textile Fibers 
Ideal End Uses 


Linens, shirts, underwear 

Elegant attire 

Warm clothing, carpets, industrial felts 
Suitings 

Hosiery, tire cord, rope 

Awnings, curtains 

Tire cord, crepes 

Leisure wear 


TABLE VII. 


Fiber 


Cotton 

Silk 

Wool 

Dacron 

Nylon filament 
Orlon 

Rayon filament 
Vicara 





Some Critical and Noncritical End Uses 
of Textile Fibers 


TABLE VIII. 


Noncritical End Uses 


Household 
Draperies 
Upholstery 
Carpets 


Critical End Uses 
Military 
Parachutes 
Rainwear 
Tentage 


Clothing 
Dress clothes 
Leisure wear 


Industrial 
Tire cords 
Filters 
Baggings 
Tarpaulins 


Clothing 
Work clothes 
Business suits 


groups; the greater the content of such groups and 
the lower the crystallinity, the greater the regain and 
swelling. The right side of Table VI shows the im- 
portant textile properties that depend on moisture 
absorption. Thus, the higher the moisture absorp- 
tion, the better the dyeability and the greater those 
comfort properties that depend on absorption of 
perspiration, freedom from static generation, etc. 
Conversely, however, as the swelling and regain 
decrease, the fibers gain in ease-of-care features, 
such as rapid drying, pleat retention, and wet abra- 
sion resistance. Thus, it is apparent that hydro- 
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philic character provides certain extremely important 
and desirable end-use properties, on the one hand, 
and deficiencies, on the other. 

A listing of what might be called ideal end uses 
for a number of fibers is given in Table VII. This 
is not to say, however, that it is not possible to make 
these end-use items from other fibers, and in fact 
such items are being made every day. Nor do these 
necessarily represent the largest uses of the fibers 
named ; tremendous quantities of cotton are used in 
bags, for example, because of the low cost of this 
fiber and its general suitability for the purpose. 
However, there is an obvious connection between the 
usefulness of cotton in washable items like shirts 
and underwear and its crystallinity, orientation, and 
moderate swelling in water. Likewise, the good 
shape-holding properties of Dacron stem from the 
rigid structure and symmetry of its molecules, as do 
its low swelling and ease-of-care features. 
trast, the high swelling of textile rayon, a liability 
for most end uses, is an asset in the production of 
crepes, which demand a high degree of swelling for 
proper “pebble” formation. The superior fatigue 
resistance of rayon tire cord is attributable to the 
high degree of orientation and small crystallites in 
the “skin” of the fibers, and the high resistance of 
Orlon to chemical deterioration and attack by sun- 
light are likewise primarily chemical properties. 
Other relationships between structure and usefulness 
of the types listed in Table VII have been touched 
on above. 

The importance of chemical structure and in- 
herent polymer properties for an end use depends 
largely on the criticality of the use involved. As 
shown in Table VIII, military, industrial, and “hard- 
wear’ uses are in general much more critical than 
the average uses around the household or in clothing, 
particularly in dress clothing or leisure wear. For 
many industrial end uses, the chemical properties 
are of overwhelming importance ; this would be par- 
ticularly true of those uses depending on solubility 
characteristics or chemical stability, such as filters, 
for example. In others, it is apparent that satis- 
factory end-use items could be made from polymers 
with widely different chemical structures ; this is the 
current situation with respect to filament nylon and 
filament rayon in tire cord, for example. 

It is interesting to consider that some of the 
features of chemical structure that affect the useful 
properties of textiles are inherent in the fiber and 
more or less immutable, while others can be altered 


In con- 





Jury, 1955 


by treatments of one sort or another. For example, 
the solubility properties, melting point, and absence 
of moisture absorption are properties that are not too 
easily changed for most fibers. On the other hand, 
it is currently possible to reduce the swelling of 
cellulosic fibers by appropriate chemical finishing 
treatment and at the same time improve their esthetic 
appeal and impart some ease-of-care qualities. The 
future of this type of aftertreatment seems unlimited. 


IV. Conclusion 


An attempt has been made in this discussion to 
show some of the relationships between the chemical 
structure of fibers and the useful properties of tex- 
tiles made from them. It is true that as we learn 
more and more about yarn and fabric structure and, 
particularly, finishing, it becomes increasingly pos- 
sible to overcome intrinsic deficiencies and fit a fiber 
for a chosen end use. The alterations produced by 
chemical finishing have been remarkable in the last 
few years, especially in dress wear and other fields 
where the functional requirements are not too strin- 
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gent. On the other hand, while it might be possible 
to make a good tire cord from almost any fiber, it 
would take a great deal of hard work to make it from 
wool, for example. We might conclude by saying 
that while it is possible to make almost any end-use 
item from any fiber, it is still easier to make a silk 


purse from silk! 
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The Mechanical Properties of Fibers 


Alexander Brown’ 


Carbide and Carbon Chemicals Company, South Charleston, West Virginia 


Tu E study of the mechanical properties of fibers 
is an important part of the application of physics to 
research in textiles. It owes its importance to two 
considerations, one practical and the other basic. 
The practical consideration arises from the idea that 
the mechanical properties of fabrics constitute per- 
haps the most important attribute that governs the 
utility, and thereby the sale, of the fabrics, and these 
properties of the fabrics must, at least in part, be due 
to the mechanical properties of the constituent fibers. 
The study of fibers guided by this consideration in- 
volves the rather complete characterization of the 
mechanical properties of the fibers and a searching 
through this characterization for the particular fea- 


1 Presented at the 25th Annual Meeting of Textile Re- 
search Institute in New York City, March 10, 1955. 

2 Present address, Research Department, Bakelite Com- 
pany, Bloomfield, New Jersey. 


ture that plays the dominant role in regulating a 
particular fabric property. As the correlations be- 
tween fiber properties and fabric properties become 
known, one can recognize in an experimental fiber, 
for example, the sort of properties that are desirable 
for a particular fabric application. Being able to 
recognize in a fiber the particular good features of 
mechanical behavior is a rather empty triumph un- 
less one can obtain such fibers. In the case of the 
natural fibers one has to accept the properties with 
the fiber. There is little one can do to alter these 
properties to more desirable levels. With the syn- 
thetic fibers, on the other hand, one can get almost 
any mechanical properties by modification of the 
molecular, intermolecular, and morphological struc- 
tural features of the fiber-forming polymer or of the 
fiber itself. The basic consideration of fiber prop- 
erties is concerned with this correlation between 
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Fig. 1. Stress-strain-time surface depiction of 
mechanical behavior. 


these structural features and the mechanical prop- 
erties of the fiber. 

The two considerations, practical and basic, are 
thus not antagonistic but complementary. Taken 
together they present a program for long-range re- 
search—the determination of the useful mechanical 
properties of fabrics, the determination of the fiber 
properties that contribute to these fabric properties, 
and the determination of the physicochemical struc- 
tural features of the fiber and fiber-forming polymers 
that contribute to these fiber properties. The success 
of such a program is a certainty, in time. When it 
is achieved, the true drawing board design of man- 
made fibers will have arrived, just as such a design 
stage has been reached in others of man’s efforts. Of 
course, there are many other structural features be- 
sides the molecular, intermolecular, and fiber that 
regulate fabric properties and these also must be 
investigated. Such structural features as fabric and 
yarn geometries are extremely important. How- 
ever, these structures should be considered as devices 
whose purpose is the preservation and translation 
into the fabric of the useful properties of the basic 
unit, the fiber. 

This presentation of the mechanical behavior of 
fibers will consider both the practical and basic ap- 
proaches, that is, the correlation of fiber properties 
with fabric properties and the correlation of molec- 
ular and intermolecular structure with fiber prop- 
erties. Only tensional behavior will be considered, 
even though the torsional and bending behavior are 
of perhaps more direct consequence in fabric per- 
formance. Also, the bulk of this presentation will 
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Fig. 2. Stress-decay behavior. 


deal with but one aspect of tensional behavior, the 
stress-strain curve. Before so limiting the scope, a 
short discussion on tensional behavior in general is 
in order. 

If one were to approach the mechanical behavior 
of fibers or polymers with some experience in the 
behavior of other materials, the most striking aspect 
of the behavior of fibers would be 
pendence. 


its time de- 
Instead of there being two variables like 
stress and strain, there are three: stress, strain, and 
time. A two-variable behavior is described by a 
curve in a plane, like on a sheet of paper. A three- 
variable behavior requires more than a line; it re- 


quires a surface in space or it can be represented by 


three sets of curves in planes, each set representing 
the operation of two of the variables with the third 
held constant. These three sets are represented by 
the three general types of tensional measurements 
made on fibers. By holding the stress constant and 
measuring the variance of strain with time, we get 
creep curves. By holding the strain constant and 
measuring the variance of stress with time, we get 
stress-decay curves. We cannot hold time constant, 
but we can make measurements at a fixed time rate, 
and this results in stress-strain curves. No one of 
these sets gives a complete picture of the behavior ; 
each is a view from a different point. The complete 
picture is given by the mechanical behavior surface, 
shown in Figure 1. 

The three coordinates are stress, strain, and time. 
The different views mentioned above are obtained by 
slicing the surface in different ways. A constant 
level of strain is described by a vertical plane (paral- 
lel to stress-time plane), and the path on the surface 
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Fig. 3. 


Creep behavior. 


made by the intersection of the plane with the sur- 
face represents the variance of stress with time at 
that constant strain, that is, a stress-decay curve. 
This is shown in Figure 2. Constant stress is repre- 
sented by a horizontal plane which is parallel to the 
strain-time plane, and the path it traces when it 
intersects the surface represents the variance of 
strain with time, a creep curve, shown in Figure 3. 
Creep behavior is thus represented by a system of 
contour lines, like elevation contours on a topo- 
graphical map. The mechanical behavior surface 
could be represented by a whole series of creep 
curves. To get a stress-strain curve at constant time 
rate of strain we get the intersection of the surface 
with a plane which is perpendicular to the horizontal 
but inclined to the stress-time plane at an angle 
whose tangent is equal to the rate, as shown in 


Figure 4. A series of stress-strain curves at dif- 


ferent rates would also describe the behavior. Stress- 
strain at constant rate of stress is given by the inter- 
section of the surface with a plane inclined to the 
horizontal and inclined to the stress-strain plane at 
an angle whose cotangent is equal to the time rate 
of stress. 


The value of this surface depiction is that it demon- 
strates the relation between the different types of 
mechanical behavior measurement: creep, stress de- 
cay, and stress-strain at constant rate of strain and of 
stress. Unfortunately this value is only qualitative. 
The mechanical behavior of a fiber cannot veal'y be 
adequately described even by a surface. However, 
the recognition of the inadequacy of the sur‘ace is 
the first step to obtaining one of the things we are 
after, the knowledge of the mechanism of deformation 


Fig. 4. 


Stress-strain behavior at a constant rate of strain. 


of a fiber. The inadequacy is seen when we try to 
get loading-unloading curves from cyclic stress- 
strain behavior from the surface. To do this, for 
example, at constant rate of strain, we get the load- 
ing portion of the curve by the intersection of the 
perpendicular plane as already described. At the 
determined point at which we reverse the crosshead 
of the instrument and start back to zero, the plane is 
rotated to the negative value of the rate and a differ- 
ent path is traced on the surface. The two planes 
trace paths which show hysteresis when projected 
on the stress-strain plane as shown in Figure 5. 
However, the hysteresis is of a different form than 
is actually found. The form of the hysteresis ex- 
hibited by fibers is shown in Figure 6. 

The reason the surface is inadequate to describe 
the mechanical behavior of the fiber is because of 
certain assumptions that are not valid. For a sur- 
face to describe a process the statement of the values 
of three coordinates should uniquely describe the 
state of the system, independent of any past history. 
Moreover, the time dependence of response must be 
reversible. We know by experience that this is not 
the case with fibers. We shall return to this surface 
and use its inadequency to help us in a better under- 
standing of the mechanical behavior of fibers. For 
the present let us agree that this behavior is more 
complicated than we can visualize in three dimen- 
sions. 

Let us consider the stress-strain behavior of fibers 
from the practical point of view. What aspects of 
the behavior can be correlated with the properties of 
fabrics? At present our understanding of stress- 


strain behavior is rather meager, and we can ap- 





Fig. 5. Hysteresis in cyclic loading-unloading from surface. 
preciate the significance of only four regions in the 
curves. These are the breaking point, the yield 
region, the stiffness or Hookean region, and the crimp 
region (Figure 7). 

The breaking point is the termination of the 
stress-strain curve, and it is expressed by the ulti- 
mate strength and extensibility of the fiber. High 
strength, say 4 to 7 g/den, is a desirable fiber 
property, of course. It will yield fabrics of high 
strength, and wherever a fabric is required to ex- 
hibit high strength or when light weight or sheer- 
ness is required, a high-strength fiber is indicated. 
However, many types of fabrics need meet no such 
requirements. In them such high-strength fibers 
are not necessary; in fact, high-strength fibers may 
be unsuitable because high strength in synthetic 
fibers is not obtained sacrifice of other 
The higher the strength, the lower the 
extensibility of the fiber. Also, high tensile strength 
is acquired at the expense of lower transverse 
strength. 


without 
properties. 


This lowering results in an increased 
tendency of the fiber to split or fibrillate. High 
strength also results in an increased tendency of the 
fiber to shrink at elevated temperatures, though to 
some degree this shrinkage tendency can be mini- 
mized by heat setting. Thus a high fiber strength 
has value but there is a cost. 

It is quite likely that a fiber which could offer a 
strength of 10, or more, g/den would be welcomed 


in the textile field. It would see service in some 


applications regardless of its cost in other properties. 
Judging from the fibers on the market today, the 
minimum strength that a fiber must exhibit is about 
1 g/den. 
formance in strength would have to offer outstand- 
ing performance in other properties, or in cost, to 


A fiber exhibiting this minimum per- 


make the grade. The bulk of the synthetic fibers, 
textile grade, range from 2 to 5 g/den in strength. 
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Fig. 6. Hysteresis in cyclic loading-unloading as 
exhibited by fibers. 


The elongation at which the fiber breaks is an 
important consideration. First it ties in with strength 
in that, in the manufacture of synthetic fibers, break- 
ing strength and elongation are intimately related. 
Strength is imparted by orienting the crystallites 
and amorphous segments, and to the extent that this 
is accomplished in the finished fiber there is less left 
to accommodate further elongation of the fiber. Thus 
high strength results in low elongation at break. 
Elongation is important in several aspects in its own 
right. 
great enough to allow the fiber to satisfy the fiber 
strain requirements in fabric or yarn use. 


First of all, the elongation at break must be 


A lower 
limit of about 5% would satisfy these, but most 
synthetics are well above this elongatior. anyway. 
One important fabric property requires a high break- 
ing elongation of the fiber, namely, a high tear 
strength. A high fiber elongation, imparting high 


yarn elongation, results in a relatively large number 
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Significant regions in the stress-strain 
curve of a fiber. 
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of yarns bearing the load in a tear propagation. 
This causes high resistance to tearing. High fiber 
elongation is also necessary to impart resistance to 
abrasion. Low elongation yarns show increased 
tendency to shrink by heat, etc., because of the high 
level of orientation used. Low elongation also, in- 
sofar as it correlates and stems from high orienta- 
tion, indicates greater 
(fibrillation). A fiber should have a breaking ex- 


tension between 20 and 50%. 


tendency for fiber splitting 


Actually, the breaking conditions are important 
whenever we break the fiber, yarn, or fabric. As 
far as that treatment of yarns or fabric is important 
How- 
ever, less strenuous effects probably do more to de- 
termine the utility of fabrics. 


the fiber breaking properties are important. 


There is some tend- 
ency in the design of synthetics to reproduce the ex- 
tension of wool, 40%, and the implication is that by 
so doing one is making the fiber wool-like. (There 
is no such effort to duplicate wool’s low strength, 
however.) If one does succeed in making a fiber 
wool-like by this approach, it must be considered 
as fortuitous because even if a fiber does extend as 
much as wool it does so differently, as judged by its 
recovery from such extension. Wool shows a re- 
markable recovery from deformations just short of 
the breaking point; the synthetics do not. There- 
fore, the molecular processes that allow the de- 
formation must be different in degree if not in kind. 
The consideration of recovery brings us to the second 


region of importance in the stress-strain curve. The 


so-called “yield point” or “yield region.” 


STRAIN, PERCENT 





T 





oe 


STRESS, GMS. PER DEN. 
"N30 3d ‘SWO ‘SS3¥1S 


10 20 
STRAIN, PERCENT 


Fig. 8. 


Stress-strain curve for acetate rayon. Dashed 


curve, first 6% in magnified scale. 
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We have absorbed some confusion as well as ad- 
vantage by borrowing the techniques and philosophy 
of the engineer. Metals, for example, show a yield 
phenomenon which appears as a rather sudden 
marked drop in the stress-strain curve followed by 
a short region of “plastic flow” and then rupture. 
The structure of the metal is said to “yield,” allowing 
a flow. Fibers exhibit superficially similar behavior, 
and the terms have been adopted. If we look at the 
stress-strain curve of acetate rayon, for example, we 
see this yield region clearly. If we try to pinpoint it 
by magnifying this particular region, we find that 
it becomes diffuse. This is shown in Figure 8. With 
a few isolated exceptions, the yield region is merely 
the continuation of a curvature in the stress-strain 
curve, which is evident as close as we can get to the 
origin. The more and 
more with increasing extension, and the curvature 
accumulates and looks like a yielding. We there- 
fore have no unique definition of the “yield point” 
like we have in metals. 


stress-strain curve bends 


Even though we cannot locate it precisely, there 
are effects associated with the “yield region’ that 
are of importance. The recovery of the fiber from 
elongations greater than the “yield point” elonga- 
tion is relatively poor while the recovery from 
elongations below the 


good. 


“yield point” is relatively 
It is this relation between the “yield point” 
and the recovery or resilience of fibers that makes 
the “yield point” an important region in the stress- 
strain curve. Such recoveries are shown in Figure 9. 

Fibers which exhibit good resilience, that is, re- 
covery from deformation, can be expected to yield 
fabrics of good resilience. Resilience in a fabric is 
evidenced by ability to resist wrinkling or to recover 
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Form of recovery curves from different extensions 
below and beyond the yield region. 
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Fig. 10. Initial portions of stress-strain curves of 
different textile fibers. . 


in time from those it cannot resist and to spring back 
from compressive forces like in a squeezing hand, 
a treading foot, or a suitcase. To get the best re- 
silience in a fiber the “yield point” should be at as 
high an extension as possible in order to include 
as great an extension range as possible in the good 
recovery category. A “yield point” at about 5% 
extension would result in a fiber with very good 
recoveries and fabrics of high resilience. 

The stiffness or Hookean region in the stress- 
strain curve is the steep apparently straight region 
below the yield point. This region is important 
because it represents the behavior of the fiber at low 
strain levels. Such levels obtain when the fabric is 
subjected to mild mechanical treatment (which treat- 
ment occurs more often than any other), ‘such as 
deformation under the fabric’s own weight, both 
hanging free and in contact with a supporting surface 
like the body. The particular fabric properties that 
measure its performance under such mild conditions 
are fabric stiffness, hand, bulk, and drape. A high 
value of fiber stiffness will result in a high fabric 
stiffness, a crisp hand, high bulk, and good draping 
qualities. A fiber stiffness of about 50 g/den repre- 
sents a good compromise value for stiffness, though 
where higher values, say up to 100 g/den, can be 
obtained without detrimental effects in other prop- 
erties, they will be advantageous. The stiffness and 
yield regions of a number of textile fibers are il- 
lustrated in Figure 10. 

The crimp region is not really a part of the 
stress-strain curve at all, because the strains are 


bending rather than tension strains. However, this 
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region is observed when the measurements are being 
made and it offers useful information. The region 
is the very first part of the curve, observable as a 
gradual shoulder merging into the stiffness region. 
The bigger this region, the greater the crimp con- 
tent of the fiber. It is probably unnecessary to do 
more than mention the desirability of a high crimp 
content in a fiber; the simultaneous locking together 
and pushing apart of the fibers resulting from it 
present good fiber and yarn-processing characteristics 
and yield fabrics with good bulk and hand. Perhaps 
of more importance than crimp content, though, is 
crimp permanence. This cannot be evaluated from 
a stress-strain curve alone, but it can be evaluated 
by cycling. The fiber is stretched some small 
amount, say 3%, and the crimp content evaluated 
from this part of the stress-strain curve. The fiber 
is allowed to relax from this stretch; then it is 
stretched again; and the crimp content remaining in 
the fiber is a measure of crimp permanence. A high 


level of crimp permanence is desirable so that the 
crimp is not lost in processing but remains to afford 
good properties to the fabric. 

Perhaps there are processing difficulties that might 
arise from too much crimp and too high crimp 


permanence in a fiber. If not, one can say that the 
greater the crimp content and the higher the perma- 
nence of the crimp, the better. 

So much for the consideration of the important 
parts of the stress-strain curve. The suggested 
values for these parts is the same for all, as high as 
possible as far as the mutual antagonism of some of 
them will allow and without undue adverse effects 
on other properties. We want high strength, high 
extension at the break, a yield point at as high an 
elongation as possible, as high a stiffness as possible, 
and as much permanent crimp as possible. 

Let us now consider the four points from the 
theoretical point of view. 

The termination point of the stress-strain curve 
expresses the strength and extensibility of the fiber. 
What molecular, intermolecular, or fiber structural 
features regulate the strength? At first glance it 
would appear that the strength of interatomic bonds 
in the long-chain molecules should be a factor since 
breaking the fiber should be breaking the bonds. 
However, the breaking strength of a fiber should be 
of the order of several hundred grams per denier 
if interatomic bond breakage was the prime regulator 
of fiber strength. Clearly, the mechanism of fiber 
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Fig. 11. Chain segment configurations (b) in 
the mass of the amorphous phase. 


rupture is not a break starting at some point in the 
fiber and then propagating across it, snapping every 
long-chain molecule in its path. Instead, the break 
in a fiber must be like that in’a loosely twisted staple 
yarn, the long-chain molecules being pulled apart 
from each other. The same sort of features that 
contribute to strength in the staple yarn contribute to 
the strength of the fiber. Longer staple strength 
increases the yarn strength, just as longer-chain 
molecules (high molecule 
strength of fibers. 


increase the 
This occurs because the ends of 
the fibers, or molecules, are points of weakness in the 
system. Ina staple yarn the fibers are held together 
by interlocking crimp or by twist. The molecules 
in a fiber are held together partly by interlocking but 
principally by attractive forces between chains. These 
forces arise from polar groups on the chains. If 
these groups are not too bulky and if they are ar- 
ranged regularly on the chains, the interchain at- 
tractive forces can reinforce each other. This leads 
to ordered arrays of parallel chain segments—crystal- 
lites. These, of course, are sources of strength. 
Whether the interchain attraction is reinforced as in 
crystallites or is dispersed in smaller units, the par- 
ticular orientation of it is important to strength. 
The attractive force between a strip of adhesive tape 
and a smooth surface to which it is pressed is 
analogous to interchain attraction. It is difficult to 
remove the tape from the surface by pulling it parallel 
to the surface but relatively easy to strip it off by 
pulling perpendicular to the surface. The interchain 
attractions are, generally, directed at right angles to 
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the long-chain axes. If these axes are pointed 
parallel with the fiber axis, then pulling along the 
fiber axis is like trying to pull the tape from the 
surface in a parallel direction. Thus orientation of 
the long chains and of the crystallites also adds to 
strength. 

Strength and ultimate extension are related in 
that together they describe the same catastrophic 
occurrence. In some ways the features that increase 
The greater 
the molecular weight, the greater the extension at 
break, and in the case of very low extension fibers a 
small amount of added extension usually results in an 
increase in strength, simply by allowing the fiber to 
“take” more. 


strength also increase extensibility. 


Generally, however, the features that 
tend to increase the breaking strength tend to de- 
crease the extension at break. Crystallites are 
strong points, but they are also rigid points, and a 
high degree of crystallinity yields a high-strength 
low-extension fiber. Orientation of crystallites and 
amorphous segments increases strength by reinforc- 
ing interchain attraction. However, to the extent 
that the molecules are oriented parallel with the 
fiber axis there is less left for their later deformation 
in extension. Fibers of low transition temperatures 
will have greater extensions because their segments 


will be more flexible and more capable of deforma- 
tion. 


It is convenient to consider the structural feature 
dependence of the “yield point” and of the stiffness 
region together. To do this we must first obtain an 
understanding of the fundamental mechanism of 
deformation and recovery. In a single fiber there 
may be upwards of a million million long-chain mole- 
cules, each of the order of 5000 atoms or more long. 
There will probably be some tendency for segments 
of neighboring chains to pack together into crystal- 
lites, and probably some tendency for these crys- 
tallites to be preferentially oriented parallel with 
the fiber axis: The segments in the intervening 
amorphous regions will probably, also, have some 
preferred orientation, but generally this preference 
will be less than that with the crystallites. In the 
intervening amorphous phase there will generally be 
all sorts of orientations and shapes of segments. 
Some will be relatively straight and others will 
be kinked or bent to varying degrees (Figure 11a). 
This range of orientations and shapes of segments 
gives rise to a range of relative resistance to de- 
formation. A straight segment already lined up in 


the direction of a deforming force will stretch, and 
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this deformation will be furnished by stretching of 
the interatomic bonds in the chain or by opening up 
of the valence angles. This mechanism of deforma- 
tion is a very stiff one. Segments with kinks or 
bends in them will deform by straightening out, and 
this deformation is afforded by rotation about inter- 
atomic bonds in the chain. This is a much easier 
mechanism than that of the stretching of the bonds. 
Also, the bigger the bend or kink, the more deforma- 
tion afforded per rotation or the easier the deforma- 
tion. (The range of inherent stiffnesses represented 
by these extremes is probably from about 1000 g/den 
to about 0.01 g/den.) These resistances are the in- 
trinsic resistances or stiffnesses, those which we 
would measure if we could extract the segments 
from the mass and measure them. These intrinsic 
stiffnesses are modified when the segments are sur- 
rounded by other segments in the amorphous phase 
(Figure 11b). In the case of the straight segments 
which are already lined up with the stretching force, 
there is no modification, the stretching of the bonds 
or opening up of the valence angles is not affected 
by the presence of neighboring segments. The 
straightening out of bends or kinks will be modified 
in that, in order for this to happen, neighboring seg- 
ments must be pushed out of the way laterally. 
This requires operation against the viscosity of the 
system, so it requires time. Also, the bigger the 
kink, the more neighboring segments have to be 
moved and the greater the amount of time neces- 
sary for the deformation to occur. Thus we find that 
the stiffest of the range of segment mechanisms is 
the fastest in its response and the softest is the 
slowest. Thus there is a range of response times as 
well as a range in stiffnesses, and both arise from 
a range of configurations. This range of response 
times is what is meant by the term “distribution of 
relaxation times.” The operation of these segmental 
mechanisms, with their intrinsic stiffnesses and re- 
sponse times, regulates the deformation and recovery 
behavior of the fiber. 

When a constant stretching force is applied to a 
fiber, the fastest-responding mechanisms will respond 
first. These are the stiffest ones, so the first noted 
response to the force will be small and the fiber will 
appear stiff. As time passes, the slower mechanisms 
will have a chance to respond and, as they add their 
deformation to that already noted, there will be an 
increase in fiber deformation and a decrease in ap- 


parent stiffness. More time allows still more mecha- 


nisms to respond with still more deformation pro- 
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vided. The deformation of the fiber is increasing 
with time under a constant applied force; the fiber 
is exhibiting creep. 

When a fiber is stretched rapidly to some fixed 
elongation and then held at this, the first measured 
force is high because only the relatively stiff mecha- 
nisms are fast enough to deform along with the fiber 
and absorb the input energy. As time passes, the 
slower mechanisms can deform and, to the extent 
they do, absorb some of the stretching energy from 
the faster mechanisms, allowing them to relax some- 
what. More time allows still more slow (and 
softer) mechanisms to come in and share the energy, 
causing still greater relaxing of the fast stiff mecha- 
nisms. The measured time effect is that of a de- 
crease in the force necessary to hold the fiber at the 
fixed extension. This is stress decay. 

If we add force at a constant rate, we have a sort 
of cumulative creep effect. The fastest mechanisms 
are responding more or less in phase with the ap- 
plication of load. The slower ones lag behind, and 
the still slower lag farther behind. The result of 
this is that certain mechanisms are still striving to 
respond to the first few increments of load when 
much later increments are being added. To the 
observer, this response is to these later increments, 
and deformation rightly attributable to the first in- 
crements is assigned to the later increments. This 
makes the stress-strain curve continually curve over 
to higher extensions. The curvature accumulates 
and gives the impression of a “yield point.” In an 
analogous way a stress-strain curve at a constant rate 
of extension is a cumulative stress-decay effect, with 
the same accumulating curvature and “yield point.” 

If a stress-strain curve is carried only a part of 
the way to break and the process is reversed by either 
removing load or extension, the deformation mecha- 
nisms reverse themselves to furnish recovery to the 
fiber. However, on the basis of the concept of re- 
sponse times, these reversals of the mechanisms must 
occur in the same time sequence as observed during 
the stretching of the fiber. That is, the first mecha- 
nisms to respond to the removal of the load are again 
the fastest and stiffest ones. 
are again delayed, lagging behind the removal of 
the load just as they lagged behind the application 
of the load. This repetition of the same time 
sequence of response in recovery and deformation 
results in hysteresis in the cyclic loading-unloading 
curve. Also, this repetition of sequence is primarily 
responsible for the inadequacy of the stress-strain- 


The slower mechanisms 
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STRAIN 
Fig. 12. Cyclic loading-unloading to 3% extension. 


Dacron fiber. Dashed curve same shape as loading curve. 


time surface (Figure 1) in depicting the mechanical 
behavior of fibers. 


If the sequence were reversed, 
instead of repeated, such a surface might be adequate. 

Since the same mechanisms respond in the same 
time sequence on unloading as on loading, the re- 
covery curve should have the same shape measured 
from the beginning of unloading as does the loading 


curve measured from the beginning of the loading 
half-cycle. That this is true, to a good approxima- 
tion, is shown in Figures 12 and 13. These depict 
the cyclic loading-unloading, to 3% extension, of 
Dacron * and viscose fibers, respectively. The cycle 
is described by the solid lines. The dashed curve is 
drawn to the same shape as the loading curve, but 
turned over and originated from the load reversal 
point. 

The recovery curve exhibits its greatest difference 
in shape from the loading curve near the end of the 
recovery cycle. The difference is most obvious on 
the return to zero load where the fiber exhibits a 
finite residual elongation, sometimes referred to as 
“permanent set.” The reason for this apparent 
permanent set is partly the addition of lags in re- 
sponse to both loading and unloading and partly due 
to another effect. The driving force that makes the 
segments want to respond is an energy unbalance 
(not a force or extension unbalance). The greater 
this unbalance, the greater the force driving the 
response. On loading we impart a maximum energy 
unbalance, and the total stretching energy is divided 
among a few fast-responding segments. After the 
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major part of the recovery cycle has been completed, 
there is still an energy unbalance driving the system 
to its equilibrium state, but this unbalance is small. 
Most of the energy put into the fiber has been re- 
turned to the surroundings by the response of the 
faster mechanisms. The lower unbalance causes a 
lower rate of response all along the recovery curve, 
and the effect is most noticed at the complete re- 
moval of the load. Even though this unbalance is 
small, it is finite and the fiber will return to its 
original length in time. There is essentially no such 
thing as “permanent set” in fibers, merely this de- 
layed response. 

With this concept of the mechanism of deforma- 
tion and response, what structural features would be 
expected to result in a high fiber stiffness and a 
“yield point” at a high elongation ? 

A high stiffness will result when a high proportion 
of the segments of the long chains have high in- 
trinsic stiffnesses and rapid response. This will oc- 
cur when there is a high degree of orientation of 
both crystallites and molecules parallel to the fiber 
axis. Another structural factor which will enhance 
fiber stiffness is a high second-order transition tem- 
perature. At this temperature the amorphous phase 
segments become freely flexible. The further above 
room temperature the second-order transition tem- 
perature, the more rigid these segments are at room 
temperature. 

The structural requirements for good fiber re- 
silience are essentially the same as for high fiber 
stiffness, namely, high orientation and a high second- 
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Fig. 14. Creep of fibers under two different loads. 
portion of long-duration test.) 


(First 


The main concern 
here is to have as few as possible segment mecha- 
nisms with response times of the same order as the 
performance times of the fabric, of the order of a 
few minutes. A high second-order transition tem- 
perature will slide the distribution of response times, 
as a whole, to higher times than this. A high de- 
gree of orientation will increase the population of 
segment mechanisms in times lower than this. 

The structural requirements for a high content of 
permanent crimp are morphological rather than mole- 
cular. Normally the crimp is impressed on the 
fiber and set at high temperature. The most useful 
crimp is a high-frequency, low-amplitude crimp, and 
the permanence is greater the higher the temperature 
of setting. The crimp-setting temperature must be 
above the second-order transition temperature but 
below the melting point of the fiber. 

It would be worthwhile to elaborate somewhat on 
the statement made earlier that there is no such 
thing as “permanent set” in fibers. The rejection of 
the term “permanent set” stems from the absolute- 
ness of the word “permanent.”’ The above statement 
is probably equally unacceptable to others by the in- 
corporation of another absolute word, “no.” The 
true state of affairs is probably as follows: By far 
the major part of the “nonrecoverable deformation” 
that which looks like permanent set and that, for 
practical purposes, may be considered permanent 
set is really recoverable, but very slowly. This dis- 
tinction is not simply an academic one. It is very 
important in the basic approach to the mechanical 
behavior of fibers. In the discussion of the mecha- 


order transition temperature. 
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Fig. 15. Creep recovery on load removal. Same 


fibers as in Figure 14. 


nisms of deformation and recovery, the explanation 
of the apparent permanent set in a cyclic loading- 
unloading curve has been given in terms of the de- 
layed response. Two other experimental observa- 
tions of “permanent set” can similarly be explained 
in terms of delayed response. 

The creep of a fiber under load and the recovery 
after load removal exhibit apparent permanent set. 
The creep curves when plotted against time appear 
as asymptotic approaches to a limiting elongation 
(Figure 14). The recovery curves, similarly plotted, 
appear as asymptotic approaches to a limiting re- 
covery somewhat short of complete recovery (Fig- 
ure 15). If the curves are plotted against the 
logarithm of time, however, both these approaches 
are seen to be nonexistent. The creep of the fiber 
under load is essentially linear in the logarithm of 
time, showing no tendency to level off at any value 
of extension (Figure 16). The recovery on load 
removal is also linear in the logarithm of time, in- 
dicating that essentially complete recovery will be 
achieved in time (Figure 17). 

The continued cyclic loading and unloading of a 
fiber between a rest condition and some upper load 
or extension limit shows a record consisting of 
movement of each successive cycle to a higher ex- 
tension (Figure 18). The shift between each suc- 
cessive cycle decreases with the number of cycles. 
After some large number of cycles there are ap- 
parently no more shifts, and the cycles retrace each 
other. The cumulative shift between the first cycle 
and the point of no further shift is taken as the 
amount of nonrecoverable extension associated with 
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Fig. 16. Creep of fibers. 





Same data as Figure 14. 


the upper level of the cycle, and this “permanent set” 
is said to be worked out of the fiber by the cyclic 
process. However, it can be shown that similar 
cyclic behavior will be exhibited by a system which 
by definition cannot exhibit true permanent set, but 
which can exhibit delayed complete recovery. Such 
a system is a mechanical model consisting of a spring 
and dashpot in parallel. 

If the spring has a modulus, G, and the dashpot a 
viscosity, », and if there is impressed on the model a 


< 


sinusoidally varying stress given by the expression 
S = b[sin (2mwt — 7/2) + 1] 


the resulting strain will be given by the expression 


e=b G(1- 


An's" rs) 
Phe” 

. Lsin (2rwt— 2/2) —2mwn/G cos (2rwt— 2/2) | 
+0G G@+4e a 





where ‘w’ is the number of cycles per unit time ‘? 
and ‘b’ is 4% the maximum stress. 

The first term in the expression for strain, above, 
is a transient. Its effect dies out in time. Its opera- 
tion is that of the decreasing shifts of successive 
cycles. The second term is a steady-state expres- 
sion, and its operation is that of the retracing of 
successive cycles on top of each other. While the 
model and the equation are both too simple to 
describe the behavior of a fiber, they do demonstrate 
that the cyclic behavior described in Figure 18 can 
be explained by delayed elastic response rather than 
by permanent set. 
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Fig. 17. Creep recovery. Same data as Figure 15. 
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Fig. 18. Shift of stress-strain curve on repetitive cycling 
between load limits. Reproduction of Instron chart record. 


It is perhaps amusing that this development of 
the theory of mechanical behavior of fibers, which in 
the introduction was ascribed as being of value only 
in the case of the synthetics, should have its most in- 
teresting application in the case of two natural fibers. 
Moreover, this application appears to completely 
confound the predictions of the theory. 

Figure 19 depicts the cyclic loading, to 3% exten- 
sion, of a human hair fiber, taken as representative 
of wool. As before, the shape of the loading curve 
is dashed, for comparison with the unloading curve. 
In contrast to the behavior of Dacron and viscose 
(and also of the other synthetics), the recovery curve 
for “wool” is for the most part inside the loading 
curve. The response to unloading is faster than to 
loading. This is the origin of the excellent recovery 
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Fig. 19. Cyclic loading-unloading to 3% extension. 
man hair. 


properties of “wool.” 


As an explanation one can 
suggest that the particular viscous structures that 
delay the response to the application of load are 
broken down in this response and do not have time 
to reform before the cycle is reversed and the fiber 
In support of this it was noted 
that on restretching the fiber after its recovery from 


allowed to recover. 


the 3% extension the fiber exhibited an initial stiff- 
ness 10% lower than its original value. The break- 
ing down of the structure on stretching is similar to 
the thixotropic behavior of certain liquids. 

Figure 20 depicts the cyclic loading and unloading, 
to 3% extension, of a cotton fiber. The shape of the 
loading curve is again given by the dashed line. The 
behavior of cotton is opposite to that cf wool. The 
recovery response is slower than the response to 
loading, resulting in poor recovery properties of the 
fiber. A possible explanation of this is that the 
response of the segments during the loading cycle 
places them into new structures (crystallites?) which 
offer a greater resistance to the return of the seg- 
ments to their original configurations. In support of 
this it was noted that on restretching the fiber after 
its recovery from the 3% extension it exhibited an 
initial stiffness 20% higher than its original value. 
The building up of structure on stretching is similar 
to the dilatant behavior of certain liquids. 

The application to wool and cotton immediately 
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Fig. 20. Cyclic loading-unloading to 3% extension. 
fiber. 


points up the contradiction with the theoretical con- 
siderations which proposed a highly oriented system 
for a resilient fiber. However, as described above, 
the recovery behavior of wool and cotton appear to 
be the result of rather special effects. 

In summary, all of these discussion points should 
be condensed into the description of a present rather 
crude design of a fiber. Its strength should be about 
4 g/den; its extension at break, about 40%. Its 
stiffness should be about 60 g/den, and its “yield 
point,” about 5% elongation. If to be marketed as 
staple, it should contain plenty of crimp sufficiently 
well set that no more than half of it is lost by stretch- 
ing the fiber about 5% of its length. To achieve this 
the fiber-forming molecule should be regular enough 
in structure so that it can crystallize to,a moderately 
high degree. The fiber should be well oriented. The 
second-order transition temperature should be in the 
neighborhood of 100° C or higher dry and should 
be about 80° C wet. The melting point of the fiber 
should be over 200° C. Considerations other than 
those of mechanical behavior will, of course, impress 
additional requirements on this. 
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Introduction 


The well-attired bride wears “something old, some- 
thing new, something borrowed, something blue.” 
This describes Operations Research quite well. 
Much of it is old and borrowed from other scientific 
fields, a little is new, and there are a few cases in 
which results have been so valuable that they may be 
properly regarded as “blue-sky” breakthroughs. OR 
became a recognized member of the applied sciences 
during World War II, although obvious examples of 
its applications in specific areas and under other 
names go back many years. Some of its charac- 
teristics, in its present rapidly growing state, are 
here described under the following headings: “Sub- 
ject Matter,” “Relation to the Executive,” “Logical 
Basis,” “Methods and Techniques,’ and “Results.” 


Subject Matter 


The subject matter of Operations Research is the 
totality of strategies and tactics for the effective 
utilization of human and material resources to ac- 


complish specified purposes, military or nonmilitary. 

This wide scope brings together considerations 
which logically belong together, each illuminating the 
others and together leading to valuable new knowl- 


edge. The basis of this generalization and some of 
its consequences are discussed under Logical Basis 
and Results, respectively. Meanwhile, it is noted 
that such developments are typical of the growth of 
science, as exemplified by the union of electricity and 
magnetism into electromagnetism, which led to a 
deeper understanding of the combined phenomenon 
and thereby to the “electric” motor and generator, 
the transformer, radio, radar, and many other electro- 


magnetic devices. 


1 This paper is based on an address before the 25th Annual 
Meeting of Textile Research Institute. The views expressed 
are those of the author and are not necessarily the same as 
those of any other person or organization. 


Operations Research, under that name, is a joint 
product of urgent need, especially early in the war, 
and the fortunate impact between military science 
and the advanced viewpoints, methods, and tech- 
niques of the natural sciences. During the war, its 
subject matter was confined to military operations 
and its name was chosen to distinguish it from 
scientific research on phenomena and equipments. 

The broad subject matter of Operations Research 
obviously overlaps with that of several applied 
These 
include Management Counseling, Industrial Engi- 
neering, Marketing Research, Systems Engineering, 
and others. Operations Research includes, but is not 
limited to, the subject matter of all of these, and 
some 


sciences and arts which developed prior to it. 


may properly be regarded as_ specialized 
branches of OR at the tactical level; in fact, there 
has been a considerable migration of able personnel 
from these areas into OR. 

The subject matter of Management Counseling is 
approximately the same as that of OR; also, Man- 
agement Counseling, at least as applied by some 
practitioners, takes advantage of some of the ad- 
vanced scientific methods and techniques of OR. 
However, it differs from OR in at least one im- 
portant respect, described in the next section, 


Relation to the Executive 


The function of the OR team is to assist the re- 
sponsible authority of an organization by clarifying 
those uncertainties in the factors upon which action 
is based, and only those, which can be clarified by 
scientific study. Intangible factors, not susceptible to 
effective scientific study, influence the outcome of all 
real operations to some degree, and the scientist, as 
such, has no special competence in this area. A 
successful executive evidently does have such special 
competence (or unbelievably good luck) and, fur- 
thermore, the overall outcome of the operation is his 


responsibility. Accordingly, it is the opinion of the 
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writer that best results will be obtained if the scien- 
tist meticulously avoids the evaluation of intangibles. 
Then the responsible authority can depend upon the 
correctness, within a limited and clearly indicated 
area of applicability, of results submitted by his OR 
team. 

If this situation exists, it is possible for the OR 
team to produce valuable results, even on operations 
which are highly susceptible to intangible factors. 
This latter can be accomplished by incorporating 
assumptions into its studies, or better, a range of 
assumptions, concerning the effect of these intangi- 
bles ; however, these assumptions should be approved 
in advance by the responsible authority, and it should 
be made clear in all reports, verbal or written, that 
the results are only as reliable as the assumptions 
upon which they are in part based. This procedure 
establishes a definite and effective basis for the ap- 
plication of the scientific method to the highly com- 
plex operations which occur in real situations: The 
OR team is responsible for the correctness of the 
logical process leading from the raw information, 
which now includes the clearly stated assumptions, 
to its conclusions. It is also responsible for the 
correctness of the data which it collects and for the 
clear indication that the conclusions are relative to 
the assumptions ; however, it is not responsible for 
the correctness of the assumptions themselves nor, of 
course, for changes in operational procedures or their 
consequences. 

In accordance with the foregoing, Operations Re- 
search, unlike Management Counseling, does not 
recommend a total action; instead, it confines itself. 
to recommending consideration of several possible 
alternative actions in the light of a body of firmly 
established scientific facts, but subject to the evalua- 
tion by others of clearly stated assumptions. It is 
not implied that Management Counseling is “better” 
or “worse” than OR, but only indicated that in this 
important respect they differ. Evaluation of these 
two managerial services is not a proper function 
of OR. 

The rigorous discipline here outlined is an out- 
growth of the military origin of OR. It was in- 
strumental in making the OR scientist a welcome 
and respected member of the staff of commanders at 
all levels up to COMINCH in the U. S. Navy, and, 
in some cases, their equivalents in the other armed 
services of the U. S. and the U. K. during the last 
war ; it made first-hand observation of combat opera- 
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tions practical and acceptable to the commanders 
involved; and it clearly defined a limited but im- 
portant area within which the OR scientist worked 
with high personal satisfaction and effectiveness. 
These concepts have been retained in military OR, 
including the action in Korea, and have been carried 
over into nonmilitary OR. In the hands of the 
strong executive, who insists on making his own de- 
cisions but wants all scientific facts that can be made 
available to him before he must take action, OR is a 
reliable and valuable scientific staff service. 


Logical Basis 


As in all science, the logical basis of OR grew out 
of the gradual discovery of principles which were 
found to be applicable to a wider range of operations 
than those which, often by accident, led to their 
discovery. 

As one example of this process of generalization, 
forestry experts were called in during the war to 
assist OR scientists assigned to the U. S. Navy in 
the scientific study of visual search for objects on the 
surface of the ocean because it was thought that 
their experiences in visual search for the smoke 
caused by forest fires might have turned up some 
useful facts not otherwise available. This was one 
of the factors which led to the development of a 
basic theory of search, containing general principles 
applicable to all search (visual, radar, sonar, etc.) 
and specific principles applicable to the specific 
searching method and the objects sought. From 
the operational viewpoint, the design characteristics 
of any specific searching equipment are irrelevant 
technical details; the important thing is a usable 
theory of the effectiveness of all available equipment 
against specified objects to estimate force require- 
ments, to develop effective operational procedures, 
and to guide new technical developments. The gen- 
eral theory of search makes this possible by repre- 
senting each equipment by a small number of opera- 
tional parameters and not, for example, by the highly 
complex wiring diagram of a radar. If two different 
equipments both have nonzero values of a particular 
parameter (e.g., the eye and radar-for surface search 
at sea), then it is possible to compare their opera- 
tional capabilities by performing experiments planned 
with the aid of the general theory. The results are 
not perfect but are much better than an unaided 
guess, and they lead to valuable conclusions which 
could have been obtained in no other known way. 
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Search Theory was considered of sufficient im- 
portance, at the end of the war, to devote a large part 
of one volume of the OSRD series to it. 

The development of Search Theory is typical of 
many of the results so far obtained by OR. Three 
characteristics are present here: generalization from 
one operational area to another (forestry to naval 
warfare); generalization from one equipment to 
another capable of performing the same operational 
function to some degree (e.g., eye search to radar 
search) ; and the representation of highly complex 
systems by a small number of operational parameters 
which express what each can de operationally with- 
out reference to the technical details of how they do 
it. In addition to its extremely valuable immediate 
effects on the operations, with existing equipments, 
this theory is having a significant effect upon the 
development of new equipments because it establishes 
operationally significant goals for the development 
scientists. 

Similar results were obtained in many other areas, 
and out of these grew generalizations at a higher 
level, just as in all other branches of science. This 
process will no doubt continue into the indefinite 
future and is as unpredictable as was the H-bomb 


before the discovery of radioactivity some 50 years 
ago. 

A brief account of the present state of the basic 
logical structure of OR, confined to the most general 


principles, follows. We begin with the generaliza- 
tion of the term “operation” : 

Operation. A generalization of the military term. 
Any activity in which a responsible authority utilizes 
available human and material resources to accomplish 
a specified purpose, which latter may be hindered or 
aided by chance environmental factors such as 
weather or market fluctuations, and which is often 
deliberately opposed by one or more competitors or 
other enemies. 

This definition is so general that it includes most 
of the consciously purposeful activities in which man 
engages; nevertheless, this generality is logically 
necessary to include the wide variety of such ac- 
tivities to which Operations Research has already 
been applied. 

It is logically possible, and practically useful, to 
bring these diverse operations into one scientific area 
solely because three broad principles have been estab- 
lished and verified in all known cases. These prin- 
ciples are: 
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Structure. Operations, as defined above, each 
have a characteristic structure which is relatively un- 
changing except on rare and to some extent pre- 
dictable occasions when some cataclysmic event oc- 
curs (victory-defeat, bankruptcy, etc. ). 

Similarity of Structure. Operations occuring in 
widely different fields of human endeavor often dis- 
play great similarity of structure. 

Conceptual and Mathematical Models. The struc- 
ture of an operation can be represented by a con- 
ceptual model which, in turn, can be represented by 
a mathematical model, thereby making quantitative 
simulation possible. 

To illustrate these principles, first consider a 
mechanical analogy: An automobile obviously pos- 
sesses an underlying structure which is relatively 
constant regardless of whether it is lightly or heavily 
loaded, whether it is going up or down hill, and 
whether the throttle is open little or much. This 
structure can be represented with useful accuracy by 
a mathematical model consisting of a set of graphs 
or equations which yield such information as the 
speed corresponding to any load, inclination, and 
throttle setting. 

An automobile, of course, is an equipment, not an 
operation; however, operations also possess this 
same property and can be represented by conceptual 
and the corresponding mathematical models; fur- 
thermore, these models can be operated so as to 
simulate operation under present and possible future 
operational procedures. By doing this on paper or 
with computing machines, it is possible to simulate 
years of varied experience in a reasonable time with 
no risk of injury to the real operation and thereby 
to predict the effect of corresponding changes in the 
actual operational procedures to a useful accuracy. 
Thus structure and the resultant conceptual models 
of operations are as fundamental to OR as are the 
conceptual models of the solar system and the galax- 
ies to astronomy, or those of atoms and molecules to 
physics ; furthermore, they are used in the same gen- 
eral way, to organize knowledge into an orderly and 
simple system, and for the same purpose, prediction. 

As an illustration of the similarity of the struc- 
tures of operations, consider the processing of ships 
through a harbor, railroad cars through a classifica- 
tion yard, planes through an airport, people through 
a restaurant, papers through an office, etc. While 
all these operations differ greatly, their basic struc- 
tures are very similar: discrete items wait, advance 








632 


through one step of a total process, wait again, ad- 
vance through another step, etc., maintaining their 
identity throughout. 

As an example of operations of a different struc- 
ture, consider the manufacture of lumber, milk 
products and petroleum products from logs, raw 
milk, and crude oil, respectively. In each case, a 
relatively small number of raw products (size and 
kind of logs, etc.) are separated into a wider variety 
of finished or semifinished products, each in several 
different possible grades, and all interrelated in 
quality and quantity by a basic technology which 
determines how much lumber of specified kind, size, 
and grade can be made from a specified kind and 
amount of logs; how much cheese, cream, whole 
milk, etc., can be made from a specified grade and 
amount of raw milk, etc. A third example is found 
in a wide variety of assembly operations. 

Contrasting these three general classes of struc- 
tures, we observe that the input items (ships, etc.) 
maintain their identity in the first class and lose it in 
two distinct ways in the second and third class, 
namely, by separation in the second (logs, etc.) and 
by assembly or agglomeration in the third. 

The practical significance of the existence of struc- 
ture and of the common occurrence of similarity of 
structure is this: First, because operations have a 
structure, they obey orderly quantitative laws which 
can be discovered by the same general methods as, 
for example, the physicist uses in studying atoms. 
Second, because of the frequent similarity of struc- 
tures, knowledge gained from the study of one opera- 
tion is often very useful in the study of others. 
Thus, with the aid of men of long experience in a 
particular operation, it is often possible for an OR 
team to obtain valuable results in a very short time, 
even though the team has had no previous experi- 
ence in this particular operational area. 

The foregoing presents the most fundamental part 
of the logical basis of OR. The balance consists of 
principles of less general applicability but of great 
utility within their proper areas. The creation of 
this logical framework is an important part of the 
“something new” in OR;; it has been responsible, in 
large measure, for some of the “blue sky” break- 
throughs of OR. 


Methods and Techniques 


The methods of Operations Research are, in broad 
outline, identical with those of physics and other 
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natural sciences. In the broadest sense, there is just 
one method universal to all science, consisting of a 
neverending process somewhat analogous to a feed- 
back loop: observation and, when feasible, experi- 
mentation; hypothesis; test of hypothesis against 
available observational and experimental facts ; modi- 
fication of the initial hypothesis until it fits the known 
facts, whereupon it becomes a tentatively accepted 
theory; further observation and experiment; more 
general hypothesis, including the tentative theory as 
one component; and so on. In this continuing 
process, “revolutions” resulting in the overthrow of 
theories are extremely rare. If a theory correctly 
represents established facts to a useful accuracy, 
then a new and more general theory must include the 
older theory as a special case; for example, quantum 
dynamics contains classical dynamics in this way. 

There are a number of procedures of such wide 
applicability as to be properly regarded as methods. 
One of the most important of these is the systematic 
order-of-magnitude estimate. This consists in mak- 
ing simplifying approximations of the actual situa- 
tion, each of which falsifies it in the same known 
direction until an understandable situation is reached, 
thereby finding one outside boundary; by repeating 
this procedure in other directions, it is sometimes 
possible to “surround” the actual situation by a 
complete set of bounds. As one obvious example of 
a partial application of this valuable procedure, one 
bound on the tactical and strategic value of the 
nuclear-powered submarine can be obtained by at- 
tributing infinite endurance and power to the propul- 
sion unit, so that other factors such as hull design 
and propellers limit its speed, and human capabilities 
or something else limits its total endurance at sea. 

Another important method is the application of 
the well-known basic principles of the design of ef- 
fective experiments, balancing the information which 
it is expected will be gained against the cost in time, 
money, or other relevant measure. There is an 
intangible risk that operational experiments will do 
some unexpected damage to the operation, and hence 
these must be referred to the responsible authority 
for assessment, in line with the discussion under 
“Relation to the Executive.” The design of ex- 
periments includes the design of modern sampling 
procedures, based in part on Mathematical Sta- 
tistics. 

The so-called Monte Carlo method is the OR 
scientist’s version of the strategic-games method of 
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military science and is very powerful in dealing with 
situations which are too complex for study by any 
other known method. It employs step-by-step nu- 
merical computation, by hand or by machine. 

The perturbation method, analogous to that so 
widely used in physics and related to the “marginal 
analysis” of the,economist, can be very useful. It 
consists in determining the changes produced by 
small changes, one at a time, in the operational varia- 
bles and, if structural changes are contemplated, in 
the parameters. If the structure of the operation 
has been deduced and verified, it can be used to 
determine the effect of small changes in the structure 
by varying the parameters; also, with regard to 
variation of the procedural variables, it usually re- 
duces computing time. However, it can also be 
used empirically before the structure is known by 
studying the effect of small changes in the procedural 
variables, accidental or deliberate. This latter often 
requires the most sophisticated methods of modern 
mathematical statistics to take account of possible 
simultaneous changes in two or more variables and 
to test the statistical significance of the results. 

Information Theory is the basis of a powerful 
and versatile method for analyzing certain aspects of 
a wide variety of operations. These aspects, of 
course, include communication in all its forms but 
are not limited to this. Information Theory is 
fundamentally related to thermodynamics and sta- 
tistical mechanics ; in fact, it can be roughly described 
as a generalization of these. It gives a precise mean- 
ing to quantity of information and to its opposite, 
uncertainty, which is the expected amount of in- 
formation needed to clarify a situation up to a 
specified standard state. Thus, quite apart from 
communication, it has important applications in as- 
sessing the relative importance of various forms of 
uncertainty (weather, enemy action, etc.) which are 
always present in some degree in action situations. 
For example, it can sometimes serve as a useful guide 
to the allocation of effort to obtain information of 
various sorts and to hedge against various con- 
tingencies. 

The foregoing is a fair sample of the general 
methods of OR, that is, procedures which are ap- 
plicable to most or all operations, regardless of their 
structure. Below this level of generalization, there 
are many procedures which are applicable to one or 
a small number of classes of operational structure, 
here arbitrarily defined as “techniques.” 
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Operations whose structures involve complex 
processing and scheduling are susceptible to analysis 
by the Programming technique. Linear Program- 
ming is best understood but is not adequate for all 
structures ; significant advances are now being made 
in nonlinear programming. 

Operations involving the processing of discrete 
items which maintain their identity can be analyzed 
by Queueing Theory. This theory was originally 
developed to study congestion problems on telephone 
lines and has since been applied to a wide variety 
of operational problems, including the processing of 
ships through Japanese and Korean harbors during 
the recent Korean action, the sorting of railroad 
freight cars in classification yards, automobile traffic, 
etc. 

Operations involving the maintenance and replace- 
ment of equipment and facilities can be studied with 
great effectiveness by Failure Theory, an adapta- 
tion of Actuarial Theory, which latter is highly de- 
veloped and one of the basic foundations of the in- 
surance business. 

Many other techniques are used in OR, but this 
brief list must suffice for the present. In conclusion, 
it is emphasized that OR takes both methods and 
techniques from any science, adapting and modifying 
them as may be necessary. These advanced scien- 
tific procedures should not be used if some simpler 
procedure will produce adequate results; however, 
real operations are extremely complex, and, there- 
fore the gain from using such advanced procedures 
is greater and more frequent than might at first 


sight be supposed. 


Results 


The majority of the results of OR work, both 
military and nonmilitary, are not publicly available 
Thus 
the value of OR results must be judged by the rela- 
tively small amount of highly censored material that 


owing to military and commercial security. 


has been released and by inferences drawn from ex- 
penditures for OR by military and nonmilitary or- 
ganizations. 

Considering the case of military OR first, it is 
noted that there are now four OR groups which 
function within the formal administrative structure 
of the Department of These are the 
Weapons Systems Evaluation Group, which is ref- 
erenced to the Joint Chiefs of Staff; the Operations 
Analysis Division of the Air Force; the Operations 


Defense. 
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Research Office of the Army; and the Operations 
Evaluation Group of the Navy. Each of these 
organizations maintains direct contact with appro- 
priate operational commands. 

In addition to these, there are a dozen or more 
other groups working on military OR. These in- 
clude Rand Corporation, which works on high-level 
problems for the Air Force; groups in some of the 
development laboratories of the armed services, which 
work on tactical problems related to the use of the 
equipments which they develop; and groups in the 
large aircraft companies, which study the opera- 
tional employment of military aircraft as a guide to 
their development programs. 


From the membership roll of the Operations Re- 


search Society of America, which lists the groups 
with which most members are associated, it is esti- 
mated that several hundred OR scientists are en- 
gaged in the study of military operations either as 
direct employees of the Department of Defense or 
as employees of agencies serving this Department. 
This suggests that responsible military authorities 
place a high value on the results produced by these 
OR groups. 

Some of the work done by the Navy’s OR group 
during the war has been declassified and described 
in Morse and Kimball, Methods of Operations Re- 
search (Wiley). This book also contains an extract 
from the Final Report of Fleet Admiral E. J. King, 
COMINCH during the war, in which he most gen- 
erously acknowledges the value of OR services to 
the Navy. 

One of the most valuable postwar services of OR 
to the armed services has been that of establishing 
more effective communication between military of- 
ficers who are the users of military equipment and 
the laboratory scientists and engineers who develop 
these equipments. With important exceptions, these 
two groups have great difficulty in direct communi- 
cation because of the great difference in their back- 
grounds. In effect, each speaks a language which 
the other does not understand. However, the quali- 
fied OR scientist has specialized in understanding 
both of these languages, and this has made it possible 
for the OR team, working in a staff capacity to the 
user, to render a unique service as an “interpreter” 
in this complex area. 


Turning to nonmilitary operations, one must again 
rely largely on inferences from increased expenditure 
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on OR to evaluate results because only a small frac- 
tion of the actual results obtained are published and 
then usually in a highly condensed and censored 
form. Here we find that many business and in- 
dustrial organizations first began using the services 
of available OR consultants and then that several of 
the larger corporations established their own OR 
teams. 

In 1950, the National Research Council estab- 
lished a Committee on Operations Research under 
the Division of Natural Sciences and Mathematics 
“to promote the orderly growth ....” This Com- 
mittee was an important factor leading in 1952 to 
the founding of the Operations Research Society of 
America, whose purpose includes “. . . the estab- 
lishment and maintenance of professional standards 
of competence... .” Although the Society has a 
continuing job, it has already accomplished a sig- 
nificant part of its several purposes. One of the 
most important steps is the publishing of a quarterly 
periodical of high scientific standards, the Journal of 
the Operations Research Society of America. Owing 
to the difficulty of obtaining the release of papers on 
concrete applications of OR, much of the material 
published is in the field of general methods and 
techniques ; however, specific papers are occasionally 
published and, although these are usually heavily 
censored, they nevertheless give some idea of what 
is being accomplished in OR. 

Another valuable document in these early days of 
nonmilitary OR is a recent book entitled Operations 
Research for Management (Johns Hopkins Press). 
This book was edited by members of the staff of the 
Army’s Operations Research Office, which is ad- 
ministered by Johns Hopkins University. It con- 
tains some valuable papers on methods and some 
case histories of specific applications, most of which 
were first presented before a seminar on Operations 
Research conducted by Johns Hopkins University. 

These and other publications and the solid scien- 
tific work of many able OR scientists in both military 
and nonmilitary areas are gradually establishing Op- 
erations Research in its proper position, namely, 
that of a disciplined and severely practical applied 
science, capable of producing valuable results within 
a well-defined area of competence.” 

2The address included brief accounts of several specific 
applications of OR, taken from the Johns Hopkins book, the 


Journal of ORSA, and other sources. Since these are 
readily available, they are not included here. 
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Automation’ 
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F OR the past few months, when addressing groups 
such as yours across the county, I have opened my 
remarks by informing the audience that they were 
in the midst of a Second Industrial Revolution. But 
now I wonder if this is any longer necessary. Sud- 
denly it seems that the whole nation is aware of some- 
thing new—that a big change is taking place in our 
economy—that a new industrial age has arrived and 
that it is affecting us all every day. 

We read of it in the papers—on the front pages 
the titans of our industry argue its merits—while on 
the financial pages its rapid progress throughout the 
economy is recorded each morning and afternoon. 

At night, at least in the east, we see and hear it on 
our T.V. sets as a proud manufacturer tells the world 
that his product is better because of AUTOMA- 
TION—AUTOMATION—AUTOMATION. 

Yes, the country has come alive to this new tech- 
nology. It is new—it is big—it is startling in its 
implications. It is also very much misunderstood 
by a great many people and, because of this, it de- 
serves to be explained. That is the task that has 
been set for me this morning. I would like to tell 
you about AUTOMATION and what it really 
means, although I must admit that this is a rather 
large order for such a short talk. 

It is fitting that this subject should be discussed 
before this meeting of the Textile Research Institute 
for the beginning of Automation lies in the early 
efforts of inventors to produce machines that would 
turn out goods with a minimum of human interven- 
tion. One of the earliest of these attempts—and one 
that I’m sure is known to all of you—was in 1801 
in Paris, when Joseph Marie Jacquard exhibited his 
automatic loom controlled by punched cards. Though 
this was some 150 years before the word was even 
coined, the Textile Industry was one of the first to 
be affected by Automation. 

But before going into the history of Automation 
some sort of definition should be given to the term. 


And this is difficult. Automation means many things 
to many people. 


1 Presented at the 25th Annual Meeting of Textile Re- 
search Institute in New York City. March 11, 1955. 


No small part of the confusion that exists today 
is due to the fact that the term is applied to every 
conceivable method and manner of doing things that 
in any way differs from the way it was done before. 
If someone comes up with a new machine that re- 
places a hand operation, he proudly labels it “Auto- 
mation”—the publicity department shouts it to the 
world and another misconception is born. 

The result of this sort of thing is that in some 
people’s minds Automation is nothing more than 
mechanization, and, thinking this, they wonder what 
the shouting is all about. But Automation is more 
than mechanization—much more. 

On the more positive side, Automation has been 
painted in such vivid hues that in many people’s 
minds another Frankenstein’s monster, a robot, has 
been created that once let loose will turn upon its 
creators, throw everyone out of work, and make 
man a slave to his own machines. 
be further from the truth. 

A third 


mation being a wonderful fairyland type of thing 


Nothing could 
and no less false conception—has Auto- 


which will so revolutionize our economy that within 
no time at all man will reach his ultimate goal—the 
seven day weekend. 

These, then, are the popular connotations of Auto- 
mation. But what is the true meaning? Simply 
stated I would say that Automation has come to 
mean both the integration of automatic operations 
and the process of making things automatic. 

Actually it has two meanings, for there are two 
distinct kinds of phenomena which fall under single 
heading of Automation. Although they are seldom, 
if ever, distinguished from one another in general 
discussions, they are really entirely different. On 
the one hand we have what I call “Detroit Automa- 
tion,” which is really advanced mechanization but 
On the other hand we have 


the whole new system of automatic feedback control 


to a very high degree. 


which is a new technology, wonderful in its pos- 
sibilities. 

Both of these avenues of development can lead to 
highly automatic operation. Both approaches are 


technologically and economically significant, and 
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both are certainly worthy of consideration and 
analysis. 

Let us consider Detroit Automation first, for this 
is the kind you will hear a great deal about in the 
months ahead when the Auto Manufacturers and 
the United Auto Workers commence their contract 
negotiations. For Detroit Automation means the 
advanced mechanization of the kind achieved in the 
new Cleveland and Buffalo plants of the Ford Motor 
Company. Here in these plants, and others like 
them, electric and hydraulic controls are utilized to 
the best advantage and in such a way that multistage 
machine tools are loaded and unloaded automatically 
while specially built transfer machines move the 
workpieces from one operation to the next. In this 
way the need for much human intervention in the 
machinery process has been eliminated, and, by using 
ingenious transfer mechanisms and wholly new auto- 
matic devices for handling materials, they have in- 
tegrated their machinery into entirely automatic 
processes. To these companies, automation is pri- 
marily the integration of machines with each other. 
It is the logical evolution of the assembly-line prin- 
ciple and one that is highly profitable for the manu- 
facturers employing it. 

There is another aspect of “Detroit Automation” 
which deserves mention. Radically new kinds of 
machine tools are now being created which are de- 
signed specifically for the automatic production of 
individual products. Such a machine, designed and 
built by Mr. Charles F. Hautau of Detroit for 
Thompson Products of Cleveland, has cut the ma- 
chining time on jet stator housings from over 1 hr to 
less than 5 min. A cutting cycle time of 3 min, 20 
A truly remarkable example of a highly spe- 
cialized automatic machine. 

This, then, is Detroit Automation. In your own 
industry you will find it in the modern plants of the 
south and southeast, where in the manufacture of 
natural and synthetic fibers they have utilized modern 
materials-handling methods to the maximum de- 
gree. “Detroit Automation” is only one sense of 
the word, but it is a true automation for it is auto- 
matic operation. 


sec, 


But automatic operation by itself is nothing new, 


and here we find the reason why some people are 
inclined to dismiss automation 


itself as no more 
Truly, automatic operation is 
only part of an old technology developed to a high 


degree. It has, in fact, quite a long history, for, in 


than a new word. 
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1784, before the Industrial Revolution really began, 
Oliver Evans built an entirely automatic factory 
just outside Philadelphia, a continuous-process flour 
mill. Evans’ mill made use of all three types of 
powered conveyors in a continuous production line. 
No human labor was required from the time the 
grain was received at the mill until it had been proc- 
essed into flour. 

I have already mentioned Jacquards’ automatic 
loom which was shown in 1801. Jumping a century, 
but still some 30 years ago, the A. O. Smith Com- 
pany built a fully automatic automobile body frame 
line that is still in operation in its Milwaukee plant. 

So we see that this type of Automation has a 
rather long history and has been with us in varying 
degrees for almost 200 years. Where, then, is this 
new technology we hear about? What is all the fuss 
about Automation? Why is it called Industrial 
Revolution ? 

You will find the answer in a principle called 
feedback, for it is fundamental to the automation 
revolution. It is feedback which for the first time 
enables a machine to “know” what it is doing, and, 
because the machines “know” what they are doing, 
for the first time they can control their own opera- 
tions, adjust their own controls, and make their 
own corrections. It is here that the Second Indus- 
trial Revolution lies and here is the great significance 
of Automation. 

Let me go back a little by way of explanation. 
The first Industrial Revolution was brought about 
by the invention of machines. Mechanization was 
its spirit. Its keyword was power and its goal was 
to substitute inanimate energy for man’s brawn. 
Within a single century, human and animal effort de- 
clined from 90% of the total motive power in the 
economy to a mere 10%. Most human beings are 
no longer required to act as beasts of burden or as 
mere sources of power. Instead, man has become 
the controller of mechanical power, the guide for 
inanimate energy, the links between mechanized 
operations. 

Take a typical factory and watch a man at work. 
Usually his job consists of taking piece A out of 
machine B, putting it into machine C, controlling 
the machine as it performs its work, and then taking 
out piece A to put it on conveyor D. 

Perhaps these linking guiding functions sound 
ridiculously simple when I sketch them like this. 
But many of them are ridiculously simple. Much of 
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our working effort goes into the machines while they 
perform the work. Yet the fact remains that until 
recently no machine could do such a job. 

Why is this? Because in the past machines didn’t 
know what they were doing. Turn on the power 
and start them going and they would continue 
merrily on their way until they either jammed, ran 
out of power, or broke down. How many of you 
have seen an automatic postage machine blithely 
chewing up envelopes when one has stuck in the 
mechanism, or a punch press relentlessly destroying 
a carelessly inserted workpiece? Because of this 
we have needed human beings to do simple tasks 
because someone had to guide the machine to its 
proper function. 

Feedback is changing all this, for through feed- 
back the machine can control itself and the human 
operator is no longer necessary. 

What, then, is feedback? I am sure that most of 
you are familiar with this principle but for those 
who may not be, I would like to discuss just what 
is meant by feedback. 

Let’s start with imagining a man shooting at a 
target. His rifle doesn’t shoot quite true and his 
bullets make a pattern to the left of the bull’s eye. 
What does our rifleman do? He corrects for his 
faulty weapon by aiming slightly to the right. The 
correcting ability is what is meant by feedback. 

Until fairly recently, no machine could do that 
simple, and not so simple, task. Guns shot, but 
they didn’t “aim.” But now suppose we set up a gun 
and attach to it a radar antenna, and suppose we 
have this antenna “scan” the target as it shoots, 
much as radar scans the sky for planes. It would not 
be very difficult to build into our gun a circuit which 
would move the gun after each shot, depending on 
its accuracy with the last shot. Now 
It would aim as well. 
Or to go from a rifle range to a factory. Let’s 


look at a man working with a lathe and gauging each 


our gun 


wouldn’t only shoot. 


He has limits within 
which his workpiece may vary. 


workpiece that he machines. 
Perhaps the part 
is to be 3 inches in diameter, plus or minus one one- 
thousandths inch. If the part is, say, 2 one-thou- 
sandths of an inch under size, he rejects it and ad- 
justs his machine. Now suppose his gauge is part 
of a feedback loop which includes the lathe itself. 
If the part is 2 one-thousandths under size the lathe 
will be automatically adjusted. But more than this, 
the feedback loop can be provided with a “memory,” 
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and, if several workpieces come out only slightly 
under size but still acceptable, the lathe can be ad- 
justed before the design center shifts far enough to 
cause rejects. Such a feedback-controlled gauge can 
be built to distinguish between random fluctuations 
and a true drift in the design center. Such a 
machine would constantly adjust and correct itself as 
it worked, and the guiding hand of the workman 
would no longer be needed. 

This is feedback—the continuous adjustment of the 
tool to the work, of the task to the job, of the means 
to the end. It is only now being applied at all ex- 
tensively to the metal-working industry, but ac- 
tually we find it everywhere in life. When a human 
being reaches for a glass of water, the way he gets 
his hand on the glass is by feedback, for we know 
that his hand actually “zeros in” on the glass, first 
perhaps tending to overshoot, then falling short, and 
constantly being corrected by his eyes. In the same 
way a machine that receives information about how 
well it is doing its job, which may be finding a plane 
in the sky, or sending a liquid flowing through a 
pipe, or maintaining molten metal at a certain tem- 
perature, is also “zeroing in” its operation to produce 
a desired result. 

Feedback in itself is simple enough. But when 
we couple it with such qualities as the ability to 
control a process from a distance—remote control— 
and at a low energy level—the pressure of a finger 


setting in motion thousands of horse power—its pos- 


sibilities become staggeringly large. We are then 
enabled to build machines that handle and 
“information” in enormous quantity and digest and 


store 


use that information in a matter of microseconds. 

By linking up machines that store information, 
machines that count and can calculate maxima and 
minima within fractions of seconds, and machines 
that are more sensitive to light, touch, heat, smell, 
or even taste than any human being could ever be, 
you arrive at a machine which can carry out a whole 
sequence of operations with uncanny speed, precision, 
and “sensitivity.” 

In case any of you are thinking of a robot which 
will rumble “Yes, Master” and then clank off to 
pick up the groceries, let me hasten to say that we 
are a long way from a mechanical man. Even the 
best of our machines are limited in scope, and they 
More im- 
portant, they have none of man’s imagination, voli- 


have only a fraction of man’s versatility. 


tion, or purposefulness. An electric-eye door opener, 
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for example, such as we have all seen, is a very nice 
robot which takes the place of a doorman’s eye-arm 
muscle circuit. But an electric-eye doorman will 
open the door for a robber with a gun as quickly as 
it will for a sweet old lady. 

But the point to bear in mind is that much of 
what a man does on the floor of a factory or at a 
desk also uses only a fraction of his versatility and 
very often calls for zero imagination, volition, or 
purpose. The worker who puts piece A on machine 
B or who transfers item C to a paper D isn’t using 
his full range of human capacity. He is only per- 
forming those linking, guiding, or controlling opera- 
tions I mentioned before, and, however necessary his 
task, it is basically routine. The technology of 
automation enables us to build machines which will 
do those tasks better. 

So far I have mentioned automation only in the 
abstract. So let us turn our gaze to the actual be- 
ginnings of the automation revolution as they can 
be seen in our factories and offices. 

The process industries have been the first to avail 
themselves of feedback control. Certain refineries 
and several of the AEC plants are almost entirely 
automatic—and truly representative of the new tech- 
nology. In these plants not only do machines regu- 
late the heat, mix, chemical rate of reaction and a 
dozen other factors, but, and this is a critical point, 
machines tell machines what to do. The whole op- 
eration is so complex, swift-moving, and delicate that 
only machines can possibly control it. 

Using the principle of feedback in machine-tool 
control allows the flexibility necessary to machine 
pieces with varying specifications automatically yet 
economically. When tape programming is used, 
changes in specifications are noted and adjusted to 
Automatic machine tools 
which are controlled by mechanical devices, such as 
cams or follower mechanisms, cannot change from 


in the control process. 


one product specification to another without costly 
and extensive adjustments and can therefore auto- 
matically machine only long runs of identical prod- 
ucts. 

In a consumer economy as dynamic as ours, the 
producer who is wedded to one product because of 
heavy machine investment soon finds himself in an 
True enough, he is able to 
produce at low cost because of his highly automatic 
plant. 
producing a variety of products, rust long before 


untenable position. 


But his magnificent machines, incapable of 


they are paid for while the more conventional manual 
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equipment owned by the shop next door operates to 
capacity. It is his agile competitor, capable of 
changing and altering his product with every swing 
in market demand, who runs off with the business. 

It is this very situation, happily, that automation 
now promises to alter. Through flexible automatic 
control, machines can be made versatile as well as 
automatic. No longer must the benefits of auto- 
matic production be limited to large operations. 
Now the job and semiproduction, shop, which ac- 
tually accounts for the largest volume of our na- 
tional production, can enjoy the fruits of automation, 

But in a way this is perhaps the least interesting 
and significant part of the Second Industrial Revolu- 
tion. Automating standard simple operation is no 
insoluble problem for a good engineer. The really 
important impact is elsewhere. Feedback control 
can and will make possible new levels of achievement. 

For example, we would not have atomic energy 
if it were not for feedback control. No man could 
operate valves or hand controls deep within the 
Here remote 
feedback-controlled devices must perform our work. 
Without servo motors and other feedback equipment, 
it would be impossible for us to operate our atomic 
plants. 

Nor would the manufacture of polyethelene be 
possible without the use of feedback control. This 
plastic requires exquisite operational precision in 
reacting time, temperature, and pressure, and with- 
out automatic control of this process the product 
would turn out to be only a useless wax. 

Feedback control, through the medium of elec- 
tronic data-handling systems, is really going to 
wreak havoc with the most old-fashioned institution 
in American business, the office. While we Ameri- 
cans have succeeded in building the most efficient 
factories in the world, our offices have lagged sadly 
behind. 


dreadful flux of the atomic reactor. 


It is paper work, not production work, 
which is the major headache for many businesses. 
This, then, is automation. The question that now 
arises is how do we use it. It is not as easy as it 
In many quarters there seems to be a 
prevailing opinion that all the elements of the auto- 
matic factory are already with us; all that remains 
is to connect the proper instruments with the central 
But 
this is not the case. The current excessive emphasis 
on computers and control mechanisms is responsible 
for this inaccurate but prevailing idea. This un- 
fortunate emphasis has limited both the direction and 


sounds. 


control mechanism and attach our machines. 
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the nature of our thinking about automation. It 
obscures the fact that much work remains to be 
done in other equally important areas. This work 
cannot be regarded as secondary to the design of 
control equipment. 

Redesign of product, or of process, or of machinery 

and sometimes of all three—is often necessary in 
order to take full advantage of automation. In re- 
designing the product sometimes the changes neces- 
sary are small. The addition of a tiny reference 
point on a casting may be all that is needed to permit 
automatic positioning of a piece in a machine tool. 
In the consumer goods field, minor changes rarely 
affect consumer acceptance. The small glass nipple 
on the side of a liquor bottle, which permits auto- 
matic positioning under the labeling machine, does 
not reduce product acceptance. As a matter of 
fact, redesign is often easier in the consumer field 
than in industrial production. 

The ice cube design with the hole in the middle 
allows for fully automatic production and, because 
if its greater cooling surface, is actually a better 
product than its predecessor. 

Printed TV circuits provide perhaps the perfect 
example of a product redesigned for automatic pro- 
duction. If an attempt were made to automatize 
radio-circuit assembly by mechanically reproducing 
the hand-operations, a Rube Goldberg device of 
stupendous proportions would be necessary. How- 
ever, by thinking of circuits in terms of their func- 
tions rather than their present physical form, it has 
been possible to solve the problem by designing the 
wiring circuit in the form of flat planes. Without 
such redesign, automation would be uneconomical. 
It would require substantial investment in an elabo- 
rate assembly mechanism that could become obsolete 
with the first substantial change in the circuit design. 

World War II provides us with another interesting 
example of product redesign. The usual way of 
manufacturing airplane propeller blades at the begin- 
ning of the war was to contour-mill rough forgings 
of the entire blade. Contour milling requires highly 
trained machinists and precise machine tools. The 
process was too slow for war production, and many 
completed airplanes were grounded for lack of 
propellers. The engineers of A. O. Smith Co. re- 
designed the propeller blades—not their shape—but 
their physical construction. By designing the blades 
in several parts that could be stamped individually 
on automatic presses and welded together, it was pos- 
sible to speed up the manufacture of airplane pro- 
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pellers and to produce blades more cheaply than by 
contour milling. 

In most cases automation can only be achieved by 
a process that I call rethinking. If a product does 
not lend itself to automation now, then perhaps it can 
be redesigned so that it performs the same function 
in a different way, a way that does lend itself to 
automation. 

Rethinking is an attitude. It is an ability to get 
outside of a problem that seems unsolvable and ap- 
proach it in a new and perhaps wholly different way. 
Recently an engineer in charge of finding new ways 
to use automation on his company’s products told 
me that the first prerequisite in tackling the problem 
was to assign it to a man who knows absolutely 
nothing about it. This in itself is a rather unique ap- 
proach, but then automation requires the unique 
approach. It requires a constant reexamination of 
whether the problems we are attempting to solve are 
the problems we really should be trying to solve. It 
is asking ourselves: Should we produce this product 
differently or should we produce a different product 
that will serve the same purposes? It is a constant 
awareness of the end functions of a product and a 
continual questioning of whether those functions can 
be performed better or equally well by a slight varia- 
tion in the product or perhaps by a total change to 
a new product that can be produced automatically. 

Here lies the key to your problem in the textile 
industry—Rethinking and Redesign. You cannot 
hope to achieve more than marginal gains by at- 
taching automatic gadgets to your present machinery 
It is 
by reassessing consumer needs and redesigning your 
manufacturing processes in terms of those needs as 
well as in terms of the new control-system tech- 
nology that you will reap the benefits of that tech- 
nology. 


and processes for producing present fabrics. 


This then is automation—what it is and what it 
means. But what of the revolution itself? 
it progressing ? 


How is 


First and most obviously, automation means that 
we have a new industry in America. There are 
more than 1000 companies today engaged wholly or 
partly in the manufacture of automatic-control equip- 
ment. Their aggregate output last year totaled more 
than 3 billion dollars. And they are one of the 


fastest growing industries in America. 


Secondly, automation is going to mean new prod- 
ucts for business. 


For, as I have said, the industries 
that become automated do not merely turn out their 
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old product more cheaply or in larger quantity. 
More often than not, automation means that the 
product itself will change. More products—new 
products—better products. 

Not only that, but automation can make products 
economical which it is currently impossible to pro- 
duce. The chemical companies, such as the petroleum 
companies, would not be able to control their split- 
second reactions and we would be without many 
new products without feedback control. A whole 
line of precision products which would be hopelessly 
costly if turned out with human supervision suddenly 
become worthwhile under automatic supervision. 

So the first effect of automation is going to be a 
technological revolution: new processes, new prod- 
ucts, new cost figures, new production schedules, 
and new merchandising and sales problems. 

But I think that this will be the smallest of the 
many effects of automation ! 

Think, for example, what this revolution is going 
to do to the labor force! A whole stratum of dull 
repetitive low-paid jobs in factories and offices is 
going to be eliminated. What problems will this 
pose for the American economy ? 

It is possible to contemplate the millions of people 
who will be technologically displaced 20 years from 
now and to draw the gloomy conclusion that unem- 
ployment will be the curse of our next generation. 
The worst mistake that can be made in assessing 
how automatic control will affect labor is to make 
use of what I call “obituary accounting’”—that is, to 
tote up the number of workers replaced by machine, 
multiply that sum by the number of machines, and 
tag the end result as “unemployment.” 
phisticated economists would call this “committing 
the lump of labor fallacy,” or assuming that only a 
set number of jobs exist in our economy. 

Such an approach considers our economy to be 
static ; in reality we have the most dynamic and pro- 
ductive economy the world has ever known. To sell 
short its marvelous capacity for growth and produc- 
tion has been the undoing of more than one pes- 
simistic economist. Our needs increase continually. 
As we satisfy the material needs for food, clothing, 
and shelter, we find that we have uniquely human 
needs—for books, art, travel, music, sports, and 
leisure. The continual emergence of new needs is 
a basic cause of the dynamic qualities of our economy. 

What automation means is that we need less 
human labor to turn out the goods and services to 
provision society. 

Hence automation will allow us to continue to 


More so- 
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shorten the work week. Not tomorrow, and not in 
every industry, of course; we do not expect auto- 
mated specialty shops or robot stage shows. But 
the great centers of industry will surely find that 
they need less labor time to produce a given amount 
of goods, which means a continuation, on a greatly 
accelerated scale, of the long-term trend toward less 
effort and higher rewards. This is unemployment 
which results in leisure time, not layoff time. 

Within an automated plant, we can expect labor 
to be upgraded, with fewer and fewer men doing 
routine jobs and more and more doing supervisory 
or skilled maintenance work. We can expect three- 
shift operation—or four-shift, if the work day is cut 
to 6 hours, for machines work best around the clock. 
Hence I think the impact of automation will not be 
so much to use fewer men as to use men for fewer 
hours at better work. 

Automation holds out no threat to our economy. 
By giving us enormously increased productivity, on 
the contrary, it promises to invigorate it. But auto- 
mation does hold out a promise of a fundamental 
shift in our way of life. For it is going to force us 
to reconsider our whole approach to work itself. 

Two hundred years ago, when it was necessary 
for most people to put in 60 or 70 hours a week in 
miserable factories just in order to survive, the 
question of what to do with nonwork—with leisure— 
never presented itself. Today, with our 40 hours 
of work a week, we are already facing the 2-day 
weekend with something of a selfconscious attitude. 
When leisure time spills over from the weekend to 
Monday and Friday, when a man leaves his desk or 
his station after 6 hours of work, still fresh and full 
of energy, then, for the first time in history, we will 
really face the problem of what to do with leisure 
time. 

Like the pioneers of the Industrial Revolution in 
the 18th Century, we face 2 world in which only one 
thing is sure: change, fundamental change. We are 
leaving the push-button age and entering an age when 
buttons push themselves. Industry will usher in 
this new world—and industry should greatly benefit 
from it. Farsighted and aggressive managements 
see not only the possibility of decreasing operating 
costs but also of entering the field with new products 
and new services. Entirely new markets are coming 
into existence, and alert businessmen are already 
seizing the opportunities that they see before them. 
I think it fair to say that automation offers as great 
a challenge and reward as anything that industry 
has ever known. 
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The Mechanism, Measurement, and Reduction of Soiling Changes 
in Carpet During Use 
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One of the most common and difficult problems 
connected with the use of textile fabrics is soiling. 
While significant strides have been made in the past 
15 years in methods and chemicals for cleaning and 
brightening fabrics, the problem of retarding soiling 
rate and hence reducing the frequency of cleaning 
required has only recently received serious attention 
by several research groups. 

By virtue of their manufactured functions, carpets 
are exposed to probably the severest soiling condi- 
tions in all textile usage. The enormous surface 
area presented by the carpet construction, as well as 
the rather loose and free condition of its vertically 
placed fibers, accounts for the fact that they are 
able to retain large amounts of soil. Once entrapped 
in the fiber structures the soil can neither easily 
migrate nor filter through. Furthermore, the repeti- 
tive scuffing and pounding resulting from the natural 
walking action tends to “set,” as it were, the soil 
into the fiber crevices and yarn interstices. 

In considering the system carpet-soil relationship, 
the definition of soil as we recognize it is any dry 
or able-to-be-dried material that is retained on the 
fiber surface after vacuuming or sweeping has been 
performed. Under these terms, soiling becomes a 
matter of the degree of saturation of unremovable 
particulate-type This definition disregards 
staining and spotting resulting from accidental spill- 
age of foods, beverages, and other liquids normally 
found in the home or office. The soil with which 
we are concerned is that which filters slowly onto 
the surface of carpets from the air and, particularly, 
that which comes from shoes recently exposed to 
streets, sidewalks, driveways, and the like. 


soil. 


Soil Deposition 


The methods by which carpets become soiled occur 
in a number of ways and can be generally classified 
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as direct contact and atmospheric deposition. Of 
these, the first-mentioned plays the most significant 
role and is probably responsible for better than 80% 
of the total soil deposited. Much of the material 
that is transferred by this method, however, is of a 
rather large particle size, in the order of 10» and 
above, and can be removed, fortunately, rather easily 
by daily housecleaning routines. The smaller par- 
ticles remaining are those having sizes equal to or 
smaller than the crevices and scratches on the fiber 
surfaces and are of the order ranging from about lp 
to as high as 10u. In normal use a carpet does not 
need shampooing for at least 2 years after it has been 
installed, attesting to the fact that much of the soil 
can be removed. 

The second method of soiling involves the deposi- 
tion of atmospheric suspended solid matter onto the 
fiber surfaces. These particles are much smaller in 
size, having diameters less than 54 and more nearly 
between 0.1 and 4y. The concentrations, as well as 
the size, of these airborn particles, of course, vary 
from place to place, being both largest and most con- 
centrated in industrial areas. The deposition of these 
particles may occur in a number of ways: by the 
mechanism of Stokes’ Law, wherein particles are 
large enough to demonstrate free gravity settling ; 
by the impingement or inertial effects from rapidly 
moving air, wherein the minute particles behave 
like gas molecules ; 
wherein the fibers 
caused by walking. 


and by electrostatic attraction, 


become electrified by friction 


Soil Retention 


The mechanisms by which soil is retained on 


carpet fibers likewise occur in a number of ways. 
Influenced by forces which may be termed mechani- 
cal, chemical, or electrical, these factors are classified 
by Compton and Hart [3] as: (1) Macro-occlusion, 
or the entrapment of particles in the interyarn and 
intrayarn spaces; (2) micro-occlusion, or the en- 


trapment of particles in the irregularities of the 
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fiber surfaces; and (3) sorption, in which the soil 
is held by van der Waals or coulombic forces at the 
surface or within the pores and crevices. 

Soil which is held by the first mechanism, or 
macro-occlusion, does not necessarily come into inti- 
mate contact with the fiber surface. It is held pri- 
marily by mechanical intanglement resulting in a 
rather weak bond which in due time allows the 
particles of soil to be easily removed by sweeping 
or vacuuming. Micro-occlusion, on the other hand, 
deals with extremely small-size particles which are 
held viselike by the fibers, thus presenting a type of 
deposition that is very difficult to remove by me- 
chanical methods of cleaning. 

A special type of sorption is that of oil bonding 
of soil to fiber, which can cause even large particles 
to adhere so tenaciously that they are impossible to 
remove by conventional vacuum-cleaning methods. 
Much of the soil with which we deal cousists of solid 
particles surrounded by films of oil or grease, and 
the resulting adhesion, then, is one of compatible 
materials, oil to fiber. Oijl is sometimes found in 
the fibrous materials of the carpet construction in 
the form of lubricants and natural oils, which readily 
wet the dry soil. 

Solid particles which adhere to the fiber surface 


without the benefit of connecting oil layers present 
another aspect of micro-occlusion. 


These particles, 
usually containing sharp or protruding edges, are 
ground into the rather soft fiber surface by the ac- 
tion of walking and are thus retained by impinge- 
ment. 

Electrostatic forces likewise play an important role 
in the adhesion of soil to textiles. Under the low 
humidity conditions common in most homes, fric- 
tional forces have a tendency to induce static charges 
of rather lengthy duration in the carpet surface. 
If soil particles come in close contact with these 
charges before they are dissipated, they may be 
drawn to the fibers, where other mechanisms of ad- 
hesion can come into play. 


Carpet Soiling 


Aside from the relation of soil to the individual 
fibers, it is also important to know the manner in 
which the total carpet construction becomes soiled. 
Cross-sectional studies indicate that this occurs from 
the top down, with the section directly under the 
walking area, or that performing the wiping action, 


becoming saturated first. Thereafter, each succes- 
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sive area below it becomes saturated until all avail- 
able sites on the fiber surfaces have become filled. 
When this point has been reached the carpet fibers 
no longer have the ability to hold more soil, and the 
amount of soil removed by the vacuum cleaner be- 
comes nearly the amount of soil deposited. 

It is important to recognize at the very start that 
the quantity of soil retained by a fabric, and par- 
ticularly a rug, is not the important factor, but the 
effect of this retained soil on the appearance and 
color of the floor covering is the result which must 
be controlled. 

The increasing awareness of the problem of soil 
resistance by both manufacturer and consumer has 
been brought about by recent styling trends and by 
the increased use of synthetic fibers, resulting in 
lighter and brighter carpets. The change of color 
due to soiling connected with the use of these 
fabrics is not generally recognized by the pur- 
chaser until a period of service has elapsed. The 
magnitude of these changes is greater with light 
colors than with dark colors. For example, a light 
red (rose) sample shows a color difference of 62.4% 
as compared with a white carpet, while a medium 
blue sample with the same soiling changes color by 
only 3.8% when compared to the same white carpet. 


Determination of Color Change 


In order to show this effect in detailed quantitative 
fashion, a term has been developed which, for any 
chosen fiber, relates the color change during standard 
soiling of a dyed fabric to that of the same fabric 
in the undyed state. Fortunately, since the color 
differences are large, colorimetric approximations 
have been found to be of sufficient precision to avoid 
the need for the more rigorous calculation of true 
color difference. We have therefore defined the 
term “soiling characteristic” for any chosen fiber in 
any chosen color to be the ratio of the approximate 
color difference during soiling of a dyed sample to 
that found for an undyed sample of the same fiber 
when both samples are soiled under the same stand- 
ard conditions. This ratio may be approximated by 
the equations shown in Figure 1, in which X, Y, 
and Z are the tristimulus values for each sample 
before and after soiling. 

Table I shows how the soiling characteristic of 
three values of five hues normally found in floor 
coverings vary. The parenthetic negative values in- 
dicate how many of the tristimulus value differences 
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Fig. 1. 


in the 
It can be seen, for example, that 
during soiling the dark brown sample became lighter 
and of less color intensity while the light samples 
became darker. 


since this would not show 
equation as set up. 


were negative, 


While this effect is certainly'a real one, it is also 


true that the color and intensity of soil varies widely, 
not only from geographical causes, but also because 
of varying standards of housecleaning routines. To 
prove this, a floor soiling test was made in the homes 
of 10 different families living within a 5-mile radius 
in the greater New York area. After 6 months the 
beige colored carpets, all originally from the same 
roll, appeared to have 10 distinctly different colors 
ranging from dark yellow to dark brown. 


Standard Soil 


In order to do any experimental work on this 
problem it was obvious, at the outset, that the soiling 
conditions and the type of soil would have to be 
carefully controlled and standardized ; 
test done 


otherwise a 
at one particular time could not be related 
to the results obtained at some other time. 

Considerable work by others indicated soiling 
methods suitable for apparel, flat fabrics, etc. [1, 3, 
5], but none covered the specific elements involved 
in carpet soiling. 

In order to design a successful test method, the 
first problem was to obtain a suitable soil which 
would represent the average condition found in a 
home or office. The analyses of street dirt in 10 
cities in the United States reported by Sanders and 
Lambert [5] and the synthetic soil which they de- 
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TABLE I. Soiling Characteristics of Various Colors: 


Floor Soiling 


White wool 
Light red 
Light blue 
Light green 
Light purple 
Light brown 
Medium red 
Medium blue 
Medium green 
Medium purple 
Medium brown 
Dark red 

Dark blue 
Dark green 
Dark purple 
Dark brown 


1.000 
0.624 
0.315 
0.371 
0.295 
0.180 
0.091 
0.038 
0.073 
0.058 
0.035 
0.034 
0.025 
0.019 
0.044 
0.072 


—1) 
—1) 
—3) 
—3) 
—2) 
—2) 
—3) 


veloped was found to be the best starting point. 
After considerable study, a final mixture of humus, 
portland cement, Georgia clay, carbon black, 
red iron oxide, and light domestic mineral oil in the 


amounts shown in 


silica, 


Table II was found to be satis- 
factory. It is best to grind this mixture in a ball 
mill for 24 hr and to expose the soil until equilibrium 
is reached at standard textile atmospheric conditions 


before using (70° F, 65% R. H.) 


Ball Mill 


The mechanism for application of the soil uni- 
formly and in the proper location on and in the 
fabric was the next problem studied. In actual use, 
soil is added in small amounts over a long period of 
time, accompanied and followed by mechanical action 
forcing the soil particles structure of the 
Considering all of these 
principles, a ball-mill type of soiling apparatus was 


into the 


fabric, yarn, and fiber. 


developed, as indicated diagramatically in Figure 2. 

The fabrics to be tested are clamped firmly in 
openings evenly spaced around the periphery of the 
cylinder. A fixed charge of soil is placed in a 
perforated cartridge which is then inserted in a 


perforated tube located at the axis of the cylinder. 


TABLE II. Standard Synthetic Soil * 


Composition % 


Humus 38 
Portland Cement 

Georgia Clay 

Silica (200 mesh) 

Carbon Black (Furnace) 

Red Iron Oxide 

Light Domestic Mineral Oil 


* Ball Mill 24 hours and condition. 
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Fig. 2. Diagramatic sketch of ball-mill soiling apparatus. 


Between the sample openings are baffles which de- 
flect the steel balls so that they fall in a defined arc 
but in a random pattern on the face of the test 
specimen. Twenty minutes at 60 rpm yields a soil- 
ing level which has been found optimum for differ- 
entiating between test specimens in a practical range. 
Following the test run, the samples are vacuumed 
with a hand machine until no further soil can be 
removed. 


Colorimetric Analysis 


It is apparent that ranking of these samples by 
visual means is not only crude but also very difficult 
for a large number of samples. For this reason a 
colorimetric technique was developed to yield an 
“adherence index,” which is the ratio of the color 
change during soiling of a treated sample vs. an un- 
treated sample. This relationship may be calculated 
with sufficient precision in an approximate fashion 
in which X, Y, and Z 


for each sample before 


by the following equation, 
are the tristimulus values 
and after soiling. 


Adherence index 
_ [(AX)? + (AY)? + (AZ)?}} 
— ft 


—_ -\& Z)? |} (Treated) 
[(AX)? + (AY)? + (AZ)?}! 


(Untreated) 


This is the equivalent of taking the ratio of the 
length of a straight line in three-dimensional color 
space drawn between the starting color and the soiled 
color for the treated sample and a similar straight 
line for the untreated sample. 

Since most treatments which are added to a fabric 
to reduce soil adherence show some degree of color 
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_ Fig. 3. Theory of soil resistance by saturation of sites 
with colorless particles. 


change, it was found necessary at the outset to take 
this factor into account in the determination of the 
value of a soil-retarding material. For this purpose, 
a new term was developed called the “whitening 
index.” It is defined as the approximate color differ- 
ence between treated and untreated sample, ex- 
pressed in the same terms as those used in calculating 


the adherence index, as shown in the next equation. 
Whitening index = [(AX)? + (AY)? + (AZ)? }! 


It is then possible to compare the whitening index 
numerically with either the numerator or denomina- 
tor of the adherence index calculation. 

The final step in the development of the test 
method was the checking of its effectiveness in rank- 
ing samples under different conditions of testing. 
A series of samples cut from the same fabric and 
showing an intermediate degree of soil adherence, 
when tested repetitively with other samples having 
very high and very low soil adherence, indicated the 
same level of soiling. This illustrates that under the 
test conditions there is sufficient soil present in the 
ball mill to saturate all the samples and that there 
exists no erroneous preferential effect. 

The test method showed good correlation in rank- 
ing a large number of samples in the same order as 
a carefully controlled floor soiling test. 


Soil-Resistant Treatments 


Previous work by Schiefer on dry soiling and dry 
removal and by Compton and Hart [3] on dry soil- 
ing and wet removal indicates clearly that a satura- 
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FIBER SURFACE 
WET BY OIL 


© 
ZaeerT? 


PARTICLES NOT 
WET BY OIL 


Fig. 4. Theory of soil resistance by exparticulation. 


tion point is reached in fabric soiling which ap- 
proaches an equilibrium of soil pickup and removal. 
This work, particularly that of Schiefer, provided the 
first basis for a theory for obtaining soil retardancy. 

Experience has shown that in normal usage a 
carpet occludes a greater percentage of nonremov- 
able soil particles at the beginning or during its 
initial service period than it does in its last stages 
or just before it is ready to be cleaned. That is, if 
the amount of soil that adheres to the surface were 
to be weighed, one would find that the largest amount 
has been deposited in its initial stage of wear and 
that this rate gradually tapers off until such a time 
as a saturation condition is reached. 


Presoiling 


The recognition of the fact that the problem of 


carpet soiling is one of saturation by predominantly 
dry particles was perhaps the major step in the 


development of a counteracting material. The pre- 
liminary reasoning of depositing onto the carpet 
fibers particles having essentially the same general 
characteristics as soil seemed the natural sequence to 
the solution of the overall problem. This amounted 
to the saturation of the sites that normally would be 
occupied by soil particles with white or translucent 
particles (see Figure 3). At the outset, the answer 
did not seem necessarily complicated. The first 
trials merely used finely powered water-insoluble 
inorganic compounds applied dry in much the same 
way as soiling might occur. Treating by this pro- 
cedure soon introduced a number of limiting factors 
that spelled out the complexity of the problem. 

In order to obtain a significant effect, a quantity 
of dust had to be applied to the carpet surface to 
the extent of 8-12% of the carpet pile. Not only 
was this impractical considering the weight, but 
careful vacuuming procedures failed to remove the 
excess materials. In addition, this method also 
caused considerable color change in the fabric as well 


as introducing an objectionable hand. These ex- 
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periments, although partly unsuccessful, served to 
point out the validity of the original object and the 
importance that application, concentration, particle 
size, and particle-size distribution played in color and 
hand changes. 

Since soiling with clean dirt did not give a satis- 
factory result in all aspects, a number of other ap- 
proaches and methods for obtaining resistance to soil 
adhesion were studied in an attempt to find the most 
practical one. 


Exparticulation 


The first of these was that of exparticulation or 
the flaking-off of treating particles along with soil 
particles during vacuuming or sweeping, as shown 
in Figure 4. By this method the fibers in the soil- 
ing zone were coated with many layers of minute 
particles having a low order of adhesion to them- 
selves so that, upon cleaning, soil would be removed 
along with a layer of treating particles, leaving be- 
hind still many more layers of particles. In theory, 
the method seemed quite plausible, as witnessed by 
the success of outside wall paints, though in practice 
dusting obtained was uncontrollable and streaking 
evident. 


Continuous Film 


Another method studied was the deposition on the 
fibers of continuous organic and inorganic film- 
forming compounds in an attempt both to cover the 
fiber rugosities and envelope the fiber with a smooth 
This 
The amount 


surface to prevent sites for soil retention. 
method had a number of drawbacks. 
of material needed to cover the surface area of a 
In the second 
place, all materials tried caused bonding of fiber to 
And 
lastly, the bending and flexing of the fibers, which 


carpet would make it prohibitive. 
fiber, resulting in an extremely “harsh” hand. 
are necessary to give resilience, would cause flaking 


Flexible 


films, usually of a hydrophobic nature, caused de- 


off of the film and subsequent dusting. 


posits that were either waxy or oily, thus increasing 
the incidence of soil retention. 


Oil Bonding 


In order to combat the tenacious bonding of soil 
particles to fibers by the adhesive action of the oil 
which is normally present in the soil, it was found 





Fig. 5. Theory of soil resistance by elimination 


of oil wetting. 


necessary to use particles not easily wetted by oil 
(Figure 5) or organophobic in nature. 

It has been known for some time in the trade and 
pointed out by Fortess and Kipp [4] that mineral 
oil used in the spinning of jute backing yarns 
can migrate to the pile surface with most synthetic 
fibers. Reduction of this migration tendency by the 
limitation of oil content, immobilizing the oil, or by 
the cationic softener type of antimigrating yarn 
treatments is a necessary step in conjunction with 
soil-resistant finishes. 


Fiber Shape 


Recent work by the viscose fiber manufacturers 
along similar lines to that covered by Masland [6] 
some years ago has indicated clearly that fibers with 
round cross section show less soiling than the same 
fibrous material having a crenulated cross section. 
Reduction in the striations and crevices by this 
technique reduces a portion of the particles which 
adhere to the fiber due to micro-occlusion. 


Hardness Theory 


Still another method considered for obtaining a 
reduction of soil adherence was the addition to the 
periphery of the fibers of particles having a harder 
surface than that of the fiber itself. 
was to prevent the impingement of soil by inserting 
a layer of hard particles between the fiber and the 
soil, as shown in Figure 6. 


The intent here 


Satisfactory Material Properties 


Based on experiences with these various mecha- 
nisms, it was concluded that any one alone did not 
adequately reduce the adherence of soil to carpets 


to the extent of a satisfactory level. However, by 
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assuming that each is effective in part, the basic 
requirements needed for a material likely to give 
soil resistance became more clearly defined. These 
are as follows: (1) Average working particle size of 
the treating material between 0.1 and 4.0u; (2) non- 
hygroscopic in nature to avoid any pick-up of mois- 
ture during use; (3) essentially colorless to avoid 
color changes due to treatment ; (4) water dispersible 
for ease of application; (5) essentially not easily 
wetted by oil; and (6) hard enough to prevent soil 
impingement. 


Other Materials 


In pursuing this idea, a lengthy list of materials, 
organic and inorganic, particulate and film-forming, 
was screened, in order to define the type of com- 
pound that could answer the aforementioned specifi- 
cations. Table III gives a good cross section of 
these materials. Note that particulate materials such 
as uncooked starch and clays, although of small size, 
give but a small effect, and this of short duration. 
Materials of the film-forming variety such as carboxy- 
methyl cellulose, methacrylates, and gelatine give a 
slight degree of soil resistance but cause extreme 
boardiness of hand. Note that materials having 
harder-formed particles, such as silicas and aluminas, 
give definite indication of soil resistance. A soiling 
index of below 0.7 when obtained using the ball-mill 
test is considered satisfactory, since at this level there 
exists a clearcut difference between the treated soiled 
and untreated soiled. A whitening index of 3 or 
below is likewise considered satisfactory, for this 


Fig. 6. Theory of soil resistance by increase in 
surface hardness. 
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TABLE III. Soil Resistance of Various Materials 


Soiling Whitening 


Index Index 


0.98 18.0 Dusty 
0.93 9.2 Dusty 
1.00 — —_ 
0.87 12.5 Dusty 
0.93 15.0 Harsh 
1.00 8.0 Boardy 
1.00 9.4 Boardy 
0.97 24.0 Boardy 
0.86 6.0 Dusty 
0.61 3.2 —_ 
0.85 8.6 Dusty 
0.86 14.2 Dusty 
Lead tetraoxide 0.87 25.6 Dusty 
Silicon oxide 0.74 7.0 _ 
Zinc oxide 1.0 Dusty 


Compound 


Starch 
Diatomaceous earth 
Iron oxide 

Kaolin clay 

Carboxy methyl cellulose 
Methyl! methacrylate 
Gelatin 
Polyvinylacetate 
Aluminum acetate 
Aluminum oxide 
Barium sulfate 
Calcium sulfate 


Remarks 


indicates a degree of color change due to treatment 
which is barely visible to the naked eye. 

This evaluation served to limit the field to water- 
insoluble, nonreactive inorganic metal oxides which, 
of course, are readily suspended in water, are white 
or translucent in color, are nonreactive and non- 
hygroscopic, and can be obtained in a range of 
particle sizes. 


Particle Size 


In further screening these materials it was soon 
learned that the most important single physical 
property affecting soil resistance was that of the 
particle size of the starting material. Particles hav- 
ing sizes near the colloidal range gave only a 
temporary degree of soil resistance and exhibited 
excessive dusting. Sizes from the upper colloidal 
range and up to 0.24 gave good soil-resistance effects 
as well as good retention on the fiber surfaces. 

Although it is realized that the size of the final 
dried particles is not the same as those of the initial 
treating solution because of flocculation, or growth of 
particles, it is nonetheless important, for if the aver- 
age size falls within the correct micron range, the 
resulting flocs will still be small enough to fill the 
microcrevices of the fibers. Then too, particles of 
this size will have a greater tendency to hold together, 
due to the short-range van der Waals forces, causing 
not only agglomerates of large enovgh size to cover 
wider areas but also decreasing the possibility of 
dusting. The converse is true of materials having a 
greater initial particle size, i.e., 0.54 and above, 
since they form larger and heavier flocs, penetrate 
fewer small areas, and have a larger drop of po- 
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tential energy between flocs, resulting in a condition 
of dusting. 

Still another salient factor in discussing particle 
size is that of the size distribution. Like soil, the 
treating particles must have a large enough range 
so as to be deposited in all the areas, both micro 
and macro, as well as to be occluded on the yarn 
interstices. The efficiency with which the treatment 
can be judged over a period of time is governed by 
the number of these sites that have been effectively 
blocked by the metal oxides. 


Commercially Satisfactory Soil Resistance 


Although other materials have been used for this 
purpose with considerable success (Cogovan et al. 
[2]), work done thus far has shown the best anti- 
soiling agent to be a mixture of oxides deposited on 
the fiber from a single dispersion. 
materials found to give longer-lasting, reproducable, 


The specific 


and satisfactory results are alumina and silica having 
working particle size ranges of 0.1-4.0p. This 
combination, coupled with the addition of a small 
amount of wax to improve the hand, a dispersing 
agent, and a buffer to adjust the pH, has given the 
highest level of soil resistance to date. 

That it is commercially feasible is attested by the 
fact that in 1144 years of production several million 
square yards of treated * carpet have been placed on 
the market without a single soiling claim. Prior to 
this time the complaints for rapid soiling of light- 
colored fabrics were sufficient to cause concern. 

Figure 7 shows a carpet that has been divided in 
half by merely pulling out a row of tufts from the 
middle. One-half has been treated and the other 
half has been left untreated. The picture shows the 
result after 10,000 people had walked over it. Fig- 
ure 8 shows a graph on which is plotted the color 
change due to service soiling of a treated and an 
untreated carpet. Originally they both started at 
about the same Munsell color value, but the un- 
treated carpet soiled quickly so that at 3000 steps it 
had attained the same color value as had the treated 
carpet at 12,000 steps. 

No deleterious side effects on the fabric have been 
experienced using the combination of metal oxides. 
The wear resistance, generally a critical test of 
carpet quality, as measured by the Bureau of Stand- 


4Juvenon, manufactured and distributed by American 


Cyanamid Company, Bound Brook, New Jersey. 





Fig. 7. Soiling of treated and untreated carpet after 


10,000 steppings. 


wear life of the treated carpet over the untreated. 
Color fading as well as matting properties are like- 
wise unaffected by the presence of these particles on 
the fiber surface. 


Application 


In considering the amount of oxide mixture to be 
applied, the competing factors of hand, color change, 
and soil resistance had to be balanced. Although 
4-5% pickup of solids on the weight of the pile 
showing produced very low adherence indices, the 
changes in hand and color were too great to be 
tolerated. The optimum application falls in the 
range of %4 to 1% solids pickup on the weight of 
pile showing. This concentration level showed the 
further advantage of being centrally located on a 
plateau of soil retardancy as a function of concentra- 
tion having limits between 44 and 144% pickup. 
The problem of practical means of uniform treatment 
was in this way minimized. 


The application of this dispersion to the carpet 
surface is made as the final finishing operation di- 
rectly after back sizing and just before drying and 
is accomplished by means of a double bank of spray 
nozzles overlapping in a manner to give constant 
deposition of solids over the wide carpet widths. By 
this method only that part of the pile is treated that 
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Fig. 8. Change in service of treated and untreated carpet. 


is subjected to the worst soiling conditions, namely, 
the top half. Concentrating the treatment in this 
area, besides being economical, performs three func- 
tions: It retains the soil on the uppermost surfaces 
of the carpet, making it susceptible to removal by 
common home-cleaning methods; it decreases the 
probability of soil adherence because of impingement ; 
and it decreases the area to which soil can anchor 
permanently. 

Although it is hard to determine with any degree 
of accuracy the length of time that such a treatment 
would last in normal use, because of the variation in 
soils, it can be said that the original color and texture 
is maintained with no appreciable changes for 
periods as much as 3 or 4 times longer than that of 
the untreated. In due course, however, the treated 
carpet will soil and when it does, professional clean- 
ing becomes easier because of the presence of these 
particles on the fiber surfaces. A residual soil-re- 
sistance effect is obtained after the first shampooing 
in the order of about 34 of the original rate. Three 
or four subsequent professional cleanings will even- 
tually remove all of the finish, at which time reap- 
plication can be made by the use of the rotary brush 
machine charged with the treating solution or by the 
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tank type spray equipment common to most cleaning 
establishments. 


Treatment of Other Textiles 


Only preliminary attempts have been made on the 
extension of these treating materials as soil-resistance 
agents for other textile surfaces. This work, which 
dealt primarily with the treatment of those fabrics 
not often laundered (such as upholstery and dra- 
peries ), indicated possible value as antisoiling agents. 
Similar results were obtained by the limited amount 
of work done on wallpaper, inside wall paint, and 
white buckskin shoes. 


Summary 


This paper represents an industrial research ap- 
proach to an industry-wide problem and has pre- 
sented practical materials and methods for the main- 
tenance of color and texture by the reduction in the 
rate of carpet soiling. By using a soil-retarding 
finishing treatment consisting of a combination of 
metal oxides having a size distribution of between 
0.1 and 4.0p it is possible to maintain the original 
appearance of the carpet for periods 3 to 4 times 
longer than usual. Used in concentrations amount- 
ing to %4 to 1% of dry solids based on the weight 
of the pile showing, it has been found to be satis- 


factory for all carpet fibers, including wool, rayon, 
viscose, acetate, nylon, jute, and cotton. The mecha- 
nism by which the treatment operates is believed to 
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be mainly the saturation by these particles of the 
sites normally occupied by soil. Further improve- 
ments in the effectiveness of the treatment may be 
obtained by the use of oil-free backing yarns and 
round cross-sectional fibers. 
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Textiles with New Properties from 
Cellulose Triacetate' 
R. G. Stoll? 


Celanese Corporation of America, Summit, New Jersey 


Abstract 


This paper outlines why cellulose triacetate, which has been known for 90 years, has 


only recently become a fiber-forming material of considerable commercial interest. 


After 


giving a brief historical background, it describes the structure of triacetate as developed 
by heat treatment and the utilization of heat treatment for the improvement of fiber and 


fabric properties. 


It further presents data on the durability of triacetate yarns and 


fabrics when exposed to various service conditions and outlines the possible use in so- 
called “ease-of-care” and “wash-and-wear” fabrics and garments. 


Introduction 


The translation of basic scientific information into 
technological progress does not always proceed as 
fast as we might believe, considering the spectacular 
development of nylon or the most exciting of all 
technological developments, the creation of the atom 
bomb. In fact, the utilization of fundamental knowl- 
edge in industrial developments is still a rather slow 
process. The fiber industry is no exception in this 
respect and the history of cellulose triacetate con- 
firms such a statement. 

The reaction of acetylating cellulose had been dis- 
covered in 1865, about 20 years before Count Hilaire 
de Chardonnet produced the first man-made fiber 
from another cellulose derivative, namely, cellulose 
nitrate. Inspired by Chardonnet’s dry-spinning 
process and later by the wet-spinning processes de- 
vised for cuprammonium and viscose rayon, several 
attempts were made to utilize triacetate as a fiber- 
forming material. However, the attention was di- 
verted from triacetate by the discovery of the partial 
deesterification of triacetate by Miles in 1904, which 
led to the formation of secondary or diacetate and 
the technological and commercial development of 
processes for the spinning of fibers from this material 
by Henry and Camille Dreyfuss. Secondary acetate, 
until recently, was generally accepted to be superior 
to triacetate from a fiber-producing point of view, as 
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Institute in New York City, March 11th, 1955. 

2 Assistant Manager in Charge of the Textile Division’s 
Applications Research. 





well as with regard to textilé properties, particularly 
dyeability, fabric hand, and abrasion resistance. 
Hence, cellulose triacetate received very little at- 
tention from the fiber producer, and the advent of 
the new synthetic fibers did not help to change this 
condition. It must be mentioned, however, that the 
plastics industry for quite some time manufactured 
films and some other plastic materials from tri- 
acetate or a special secondary acetate with a much 
higher acetyl value than that employed for acetate 
yarn. These materials, due to their low moisture 
sensitivity, good stability, toughness, hardness, and 
excellent electrical characteristics were found to be 
superior to regular cellulose acetate in a number of 
applications. It is also true that in Germany, before 
and during World War II, a limited production of 
cellulose triacetate yarns maintained, which 
was commercially used for electrical purposes [4]. 
The finer denier yarns were produced by the acetyla- 
tion of cuprammonium type rayon which, of course, 
was a slow and expensive process, while the medium 
and coarser 


was 


yarns were wet spun from a triacetate 
a mixture of methylene chloride and 
Nevertheless, these yarns and some ex- 


solution in 
alcohol. 
perimentally prepared triacetate staple fibers were 
repeatedly tested in various textile applications [2]. 
In 1939 and 1941 several American companies also 
evaluated some of the German triacetate staple with 
regard to performance as a general textile fiber. 


However, these tests again characterized triacetate 
yarn as being inferior to secondary acetate with 
regard to dyeability and mechanical fabric charac- 
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Fig. 1. Arnel triacetate yarn not heat treated. 
teristics with no obvious advantage in serviceability 
as an apparel textile fiber. 

It is appropriate to emphasize at this point that 
between 1930 and 1942 the structural behavior of 
triacetate, among other cellulose esters, was studied 
and discussed in several papers by Hess and Trogus 
[3] and Mark and others [5] in Germany, and by 
Baker, Fuller, and Pape [1] in this country. The 
results of their studies threw some light on the pos- 
sible advantage triacetate might have over regular 
cellulose acetate, but the fiber and textile technology 
at that time was not prepared to translate the struc- 
tural characteristics of these materials into textile 
performance and to evaluate their commercial po- 
tential in the light of the chemical and physical 
properties resulting from the differences in structure. 

It is the purpose of this paper to highlight the 


interrelationship of the structure and fiber properties 


of cellulose triacetate and to indicate how they can 
be utilized to obtain textiles of improved charac- 
teristics. 


Effect of Heat on Crystalline Structure 


Cellulose is known to consist of chainlike mole- 
cules, each chain being formed by the linking to- 
gether of a large number of glucosidic units. In 
regular (secondary) cellulose acetate, on the average 
about two of the three hydroxyl groups have been 
replaced by acetic acid radicals, while in triacetate 
all three OH groups are replaced. This higher 
regularity of the triacetate molecules makes it pos- 


Fig. 2. Heat treated in steam, 20 psi, 15 min. 

sible that under certain conditions the chain mole- 
cules will associate with each other in a more regular 
and perfect order. Work [6], in a paper presented 
at the Annual Meeting of the Textile Research In- 
stitute, November, 1948, indicated that by raising 
the temperature of a triacetate filamet to slightly 
beiow its melting point a more regular or crystalline 
structure is obtained. Secondary acetate, in which 
the acetyl and hydroxyl groups are irregularly dis- 
tributed along the molecular chains, has a much 
lower tendency for crystallization. 

The following photographs show the effect of heat 
treatment on the X-ray diffraction patterns of a 
triacetate yarn. Ni filtered Ka radia- 
All the patterns were made with fiber 
bundles of the same total denier. 


( Radiation : 
tion of Cu.) 
The direction of 
the fiber axis was vertical for all samples. Figure 1 
represents a diffraction pattern of Arnel triacetate 
without Figure 2 
represents an Arnel yarn which has been treated 


yarn as spun heat treatment. 
in 20 psi steam for 15 min, resulting in a slight 
increase in crystalline order. A higher crystalline 
order may be due to an increase in crystallite size or 
perfection. Figure 3 shows the diffraction pattern 
of a yarn which has received a heat treatment in a 
hot oven (30 sec at 240°C at constant length). 
The diffraction arcs, due to scattering from the 
various crystal planes of the triacetate crystallites, 
begin to separate ; in addition, they become more in- 
tense and sharper, indicating a higher crystalline 
order. Figure 4 represents a fiber pattern of Arnel 


of an extremely high crystalline order. The arcs 





Fig. 3. Heat treated at 240° C, 30 sec, constant length. 
are very sharp and the equatorial pattern, as well as 
the pattern of three-layer lines, is easily visible. 
Over 120 diffraction arcs are visible in the original. 

The modification of the crystalline structure of 
triacetate fiber by heat treatment is even better il- 
lustrated by the radial X-ray diffractomer curves 
shown in Figures 5 through 8. These curves were 
taken with randomized fiber samples in the diffrac- 
tion-angle range from 4° to 30°, 20, using a North 
American Philipps Geiger Counter Diffractometer. 
(Ni filtered Ka radiation of Cu.) 

Figure 5 represents the curve for a nonheat-treated 
Arnel triacetate sample. Figure 6 shows the curve 
for a sample which again has been treated with 20 


Fig. 5. Arnel triacetate yarn not heat treated. 
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Fig. 4. Heat treated at 280° C under tension. 


lb steam for 15 min (compare with Figure 2). Fig- 
ure 7 illustrates a sample of intermediate crystalline 
order, and Figure 8, corresponding to Figure 4, 
shows a sample of crystalline order which is very 
high. The diffraction peaks are very sharp, indi- 
The 
degree of crystallinity of these triacetate fibers is 
relatively low when compared with native cellulose, 


cating high perfection or large crystallite size. 


nylon, or Dacron * polyester fiber. It must also be 


noted that all experimental evidence points towards 


minor, if any, changes in degree of crystallinity re- 
sulting from heat treatment when carried out at a 


3 Du Pont polyester fiber. 


Fig. 6. Heat treated in steam, 20 psi, 15 min. 
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Fig. 7. Heat treated at 240° C, 30 sec, constant length. 


constant fiber length or in a completely relaxed state. 
The area between the diffractometer curve of an 
amorphous modification of the specific triacetate ma- 
terial (with a correction for the background scatter- 
ing) and the curve obtained for the actual fiber re- 
layed to the total area is an indication for the degree 
of crystallinity. A parameter representing the aver- 
age angle of the four major peaks of the diffrac- 


tometer curves of heat-treated material (W/h in 


Figure 8) has been defined as crystalline order index, 


ARRANGEMENT FOR LENGTH CHANGE -TEMPERATURE MEASUREMENTS 


L-__gass THREAD 


RUBBER STOPPER 


RECORDER TEMPERATURE 
FOR CONTROL 

TEMPERATURE 

AND LENGTH 
CHANGE 





LEEDS-NORTHRUP 


GLASS THREAD 


MICROTORQUE 
POTENTIOMETER 
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Fig. 8. Heat treated at 280° C under tension. 


and the following values have been calculated for 
the fibers shown in Figures 5 through 8. 


Figure Crystalline Order Index 


Too low to be determined 
1.2 


2.0 
6.0 


The interpretation of these X-ray patterns and 
diffractometer curves still presents some problems ; 
however, they indicate that thermal agitation mobi- 
lizes the amorphous regions and may destroy many 
of the smaller crystals but the larger crystals will 
persist and will act as seeds for the formation of 


H——-HEATING CYCLE 
C——-COOLING CYCLE 
1,2,3—-CYCLE NUMBER 


RATE OF HEATING AND 
COOLING! APPROX. 5 °/min. 





4 





EFFECT OF ORY HEAT AGEING AT 265°F. 


STRENGTH RETAINED 


TIME OF HEAT AGEING (DAYS) 


Fig. 11. Nonheat-treated Arnel. 


still larger crystals, which, activated by the annealing 
energy, will move into a more stable lattice array. 

The degree of crystallinity of the original fiber, 
the presence of small amounts of plasticizers or of a 
few hydroxyl groups, and the initial orientation and 
the stresses during heat treatment, each of these 
factors alone or the combination of several of them 
will have some effect on the crystalline structure 
produced by heat treatment. 

The molecular rearrangement by heat treatment 
can also be demonstrated by experiments in which 
the elongation and contraction of triacetate yarn at 
a given load (stress) or the stress at a constant 
length are measured as affected by alternate heating 
and cooling cycles. The schematic drawing in Fig- 
ure 9 illustrates the experimental set-up, and Figure 
10 shows the yarn length as a function of heating 
Figure 10 illustrates that several ef- 
fects of heat on the fiber behavior take place in the 
range of 40-250° C. The initial shrinkage of the 
yarn in the range of 40-120° C (analogous to stress 
buildup when held at constant length) appears to be 
caused by desorption and strain relaxation. Yarn 
annealed in air or water of 85° C followed by com- 
plete drying does not show any shrinkage or stress 
buildup in the range of 40-120° C but rather a creep 
or stress decay. In the range of 160-170° C and 


and cooling. 


above, a rapid rate of creep occurs, indicating in- 


creased mobility of the amorphous regions. How- 
ever, in approaching a temperature of about 180° C 
the increased molecular mobility starts to promote 
the formation of larger crystallites, which counteracts 
the mobility in the amorphous areas, as indicated at 
the end of the first and, particularly, the second 
heating cycle in Figure 10. The major growth of 
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crystallites probably took place in the first and 


second cooling cycle, indicated by the considerable 
contraction and the low creep in the third heating 
cycle. 

The large and perfected crystals which result from 
the heat treatment tie together a larger number of 
molecular chains. This has the effect that a higher 
temperature is required to deform the fiber. The 
softening point in terms of the safe ironing tempera- 
ture is raised from approximately 180° C before 
heat treatment to about 240° to 250°C. The re- 
sistance to glazing, which was one of the shortcom- 
ings of regular acetate and also of some of the newer 
thermoplastic fibers, is markedly improved in a heat- 
treated triacetate fabric. The melting point of tri- 
acetate yarn is not changed by heat treatment. It is 
inherently high, due to the structural regularity of 
the triacetate molecule and the inherent high stiff- 
ness of the cellulose molecule. Triacetate melts at 
300° C as against 265° C for Dacron and 250° C 
for Nylon 66. Secondary acetate has no sharp melt- 
ing point but decomposes in the temperature range 
of 225° to 250° C. 

The high resistance to heat degradation shown in 
Figure 11 is also related to the aforementioned struc- 
tural characteristics of the triacetate fiber. Also due 
to the molecular structure is the low shrinkage in 
heating of triacetate yarn as compared to secondary 
acetate, which is illustrated in Figure 12. 


Effect of Heat Treatment on Fiber and 
Fabric Properties 


While in the foregoing the effect of heat on crystal- 
line structure has been emphasized, there are other 
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Fig. 13. 


In the fiber-form- 
ing operation and during textile processes the fibers 
become stressed, and in the assembly of a yarn and 
fabric some regions of a fiber may be under tension 
while others are under compression. When the 
molecular mobility of such a stressed fiber is in- 
creased by heating, the stresses set up in the fiber are 
relaxed. In other words, the geometry of the in- 
dividual fibers in a given yarn and fabric construc- 
tion can be set by heat treatment to become the 
natural and strainless configurations. In a triacetate 
yarn stress relaxation may take place over a wide 
range of temperatures, while for producing significant 
changes in crystalline structure temperatures above 
180° C must be reached. 


effects of heat on fiber structure. 


The low water absorption of triacetate is further 
reduced by heat treatment, as indicated in Figure 13. 
This gives to the fabrics not only quick-drying char- 
acteristics but, in combination with the stress relaxa- 
tion mentioned above, makes the fabrics very re- 
sistant to shrinkage in washing and steam pressing. 
The lateral swelling of triacetate fibers is even much 
lower than indicated by these data. The increase 
in cross-sectional area is lower than 5%, which in- 
dicates that the majority of the water taken up by 
the fibers in the tests shown in Figure 13 was held 
on the surface and in the surrations. 

The resistance to wrinkling and mussing is also 
improved, and in certain fabric constructions the 
original texture and appearance is retained through 
several laundering and drying cycles. 

Stress relaxation by heat may also be used to 
produce pleated fabrics or embossed patterns. In 
these cases untreated or better heat-treated fabric is 
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held in the desired shape at elevated temperatures 
until all stresses are released. The durability of the 
pleats can further be improved by heat treating the 
pleated fabric in an autoclave at 20-40 Ib pressure. 
Another effect of temperature becomes manifest 
when heating a dyed triacetate fiber. The procedures 
commonly used for dyeing cellulose acetate show the 
color to be concentrated along the periphery of the 
triacetate fiber. If the fiber is heated, the dye will 
diffuse throughout the fiber until a uniform con- 
centration is reached. This is illustrated in Figure 
14, This distribution of the dye in combination with 
the restriction of the mobility of the dye particles 
resulting from the increase in crystalline order pro- 
duces a significant improvement of the washfastness 
and resistance to crocking and atmospheric fading. 


Optimum Heat-Treatment Conditions 


It must be emphasized that the improvement of 
the crystalline order of triacetate by heat treatment 
has practical limitations due to possible heat degrada- 
tion and the detrimental effect of very large crystals 
on fiber flexibility. In Figure 15 the yarn tenacity 
and elongation are plotted as a function of the 
crystalline order index. Figure 16 shows the abra- 


sion resistance of a specific fabric which was dyed 
and then subjected to a large number of heat treat- 
ments under a wide variety of conditions, which re- 
sulted in a broad range of crystalline-order indexes. 

A crystalline-order index of about 2 appears to be 
the optimum with regard to overall fabric perform- 


ance. Higher values will adversely affect the me- 
chanical properties of the fabrics, while lower values 
will reduce the resistance to glazing, mussing re- 
sistance in laundering and drying, and crease and 
pleat retention. 

The triacetate 
yarn heat-treated to give optimum crystalline order 
index are, from a practical point of view, not dif- 


stress-strain characteristics of a 


ferent from those of original triacetate and regular 
acetate yarn, as is shown in Figure 17. However, it 
will be noted in Figure 18 that heat treatment im- 
proves the ratio between elastic recovery and perma- 
nent set. 

In order to obtain the optimum crystalline struc- 
ture, the heat treatment has to be carried out under 
carefully controlled conditions of heating and cool- 
ing. The temperatures and exposure times depend 
largely on equipment design and fabric weight. The 
temperature level required for recrystallization may 
be lowered by the use of small amounts of certain 








Fig. 14. A, Arnel triacetate dyed with 2% Eastone Red GLF. 
2% Eastone Red GLF in the presence of Dipropyl Phosphate. 


plasticizers. Water is a suitable plasticizing agent, 
which accounts for the effectiveness of a steam treat- 
ment in the pressure range of 20 to 40 psi. 

A wide variety of commercially available equip- 
ment is suitable for the heat treatment of triacetate 
fabrics, such as infrared heaters, diathermic heating, 
hot-air ovens, or internally heated drums. Tem- 
peratures from 390° to 475° F are required, depend- 
ing on fabric type and operation conditions. Various 
degrees of humidity or steam under pressure may 
also be used to give the desired effects. Whatever 
equipment is used, the heat-treating process has to 
be carefully controlled to avoid damage to the fiber 
by excessive temperature or time of treatment. 


Dye Affinity 


It was mentioned in the introduction that previous 
investigators have considered triacetate a difficult 





D 


C, Arnel Triacetate dyed with 
D, Same as C after heat treatment. 


B, After heat treatment. 


fiber to dye. Actually, when dyed under conditions 
typical for the commercial dyeing of secondary ace- 
tate, the dyeing rate is considerably lower for tri- 
acetate, as shown in Figure 19. However, as in- 
dicated in this graph, by the use of higher dyeing 
temperatures and certain dyeing assistants, such as 
tripropyl phosphate, it will be possible to achieve a 
dyeing rate comparable to that on regular acetate. 
The discussion of the dyeing behavior of triacetate 
much be reserved for a separate publication, but it 
is appropriate to mention that triacetate can be dyed 
in a full range of shades and depths utilizing existing 
equipment and available acetate dyes. However, it 
must be noted that the selection of the right dyes 
from the commercially available ones is important, 
and the formulation of the dye recipes is somewhat 
different from those usually employed on acetate. 
While on acetate these colors require special washing 
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TRIACETATE YARN. CORRELATION OF CRYSTALLINE 
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Fig. 15. Fig. 16. 
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Fig. 18. 


conditions, on triacetate fastness to washing at high 

temperatures in both home and commercial equip- 

ELONGATION % ment may be obtained by a heat treatment which, as 
Fig. 17. indicated in Figure 14, causes a uniform distribution 
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EFFECT OF LAUNDERING WITH CHLORINE BLEACH ON WET STRENGTH 
100 (WASHED AT 140°F. WITH 400 P.PM. CHLORINE) 





NUMBER OF WASHES 


Fig. 21. 


of the dye throughout the fiber and at the same time 
reduces the diffusion rate by the modification of the 
crystalline structure of the fiber. The utilization of 
new dyeing and printing techniques on triacetate 
fabrics appears to be possible due to the stability of 
triacetate to high wet and dry temperatures. Of 
particular interest are such processes as high-pres- 
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TABLE I. Strength and Abrasion Resistance of 
Secondary vs. Triacetate Fabrics 


Strip Tensile 





Strength Flex-Abrasion 
(Ibs/in.) Cycles 
Weight 
(oz/ Hot- Hot- 
Material sqyd) Dry Wet Wet Dry Wet Wet 
Regular acetate 
(2/1 Twill) 3.65 28.6 21.7 11.2 6. 8 23 
Triacetate 
3.72 $1.3 


(2/1 Twill) 22.6 20.2 i ae 





sure dyeing, pad dyeing and printing in combination 
with flash ageing, and nonaqueous high-temperature 
continuous dyeing. 


Durability of Triacetate Fabrics 


Another problem which was mentioned in earlier 
reports on cellulose triacetate yarn was the brittle- 
ness and poor abrasion resistance. It is true that the 
strength of triacetate is not higher than that of regu- 
lar acetate and that heat treatment, if not carefully 
controlled, may reduce the strength, elongation, and 
abrasion resistance, as was indicated in Figures 15 
and 16. However, it was also shown in Figures 17 
and 18 that the tensile elastic properties of heat- 
treated triacetate are equal to or slightly better than 
those of secondary acetate. Important for the prac- 
tical durability of fabrics is the fact that the wet 
strength and abrasion resistance at elevated tem- 
peratures and the resistance to chemical degradation 
occurring in actual use are much greater in triacetate 
than in secondary acetate or cellulose. Data shown 
in Table I demonstrate that the strength and abra- 
sion resistance of triacetate when measured in water 
of 80°C is almost twice as high as in secondary 
acetate. The high resistance to degradation by heat 
was shown in Figure 11. Figure 20 clearly indicates 
that the degradation of triacetate fabrics by sunlight 
when exposed behind glass is comparable to that of 
Orlon* acrylic fiber and much superior to acetate, 
cotton, and nylon. The combined effect of launder- 
ing, bleaching, and drying on the wet strength of 
fabrics made from Arnel triacetate, cotton, and rayon 
is shown in Figure 21. It must be noted that the 
concentration of chlorine in this wash test was higher 
than is recommended for the washing of white 
fabrics. However, in the home washing of white 
fabrics such concentrations are frequently used. In 
certain applications the resistance ‘of fabrics to micro- 
biological attack is also of importance. Triacetate 


4 Du Pont acrylic fiber. 
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RESISTANCE TO MICROBIOLOGICAL ATTACK 


3 
WEEKS OF SOIL BURIAL 


Fig. 22. 


again is more resistant than regular acetate, due to 
the chemical and physical structure of the fiber, as is 
shown in Figure 22. 

Of interest in considering the comparative abrasion 
resistance of triacetate may also be the data shown 
in Table II. Cotton, of course, is known as a fiber 
of good wear resistance, especially in fabrics and 
garments which are washed frequently. However, it 
is often not recognized that the original abrasion re- 
sistance of cotton may rapidly decrease, as is in- 
dicated in these data for the cotton print cloth which 


Aen 


Fig. 23. 


659 


TABLE II. Comparative Flex-Abrasion Data of Cotton, 
Acetylated Cotton, and Arnel Triacetate 


Flex-Abrasion 
Cycles 
(avg. warp & 
Weight filling) 
Fabric (oz ~- 
Description 


Threads/in. 
Warp - 
Filling Dry 
80 x 83 810 255 


sq yd) 


Cotton print cloth 3.3 
Cotton print, 

resin treated and 

washed 25 times 3.4 
Cotton print cloth, 

partially acety- 

lated 3.8 
Arnel triacetate 3.8 


87X73 166 137 


90 X78 78 92 
NB* 54 60 


* Data are averages of several constructions in this weight 
range. 


was resin treated and washed 25 times. In spite of 
this reduction, garments made from such a fabric 
exhibit an adequate wear life. The data for the 
partially acetylated cotton print cloth are also much 
lower than for untreated cotton, and, again, such 
The 
slight difference in the abrasion data between the 
Arnel triacetate and the partially acetylated cotton 
print cloth also indicates that the morphological 
structure which is retained in acetylating a cotton 


fabrics seem to have satisfactory wear life. 


Effect of 50 cycles of mechanical washing and drying on the appearance of marquisette curtains. 
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fiber will contribute very little, if anything, to the 
durability. This difference may be due to the re- 
tention of the cellulose crystallites in the partially 
acetylated cotton. 

Another example which may help to indicate that 
the level of mechanical resistance and the high re- 
tention of the inherent resistance may give adequate 
durability to a wide variety of fabrics made from tri- 
acetate is shown in Figure 23. This picture shows 
the effect of 25 cycles of mechanical laundering and 
drying on the appearance of several marquisette 
fabrics made from Arnel triacetate, Dacron, nylon, 
and viscose. 

Many more data could be presented on the com- 
parative wear resistance of triacetate, but it is doubt- 
ful if these data would further elucidate the com- 
plicated and often most confusing picture of the 
practical durability of a textile material. However, 
these results should have at least indicated that 
triacetate, in spite of the relatively low initial strength 
and abrasion resistance, due to its inherent stability 
and resistance to degradation may give to many 
textiles adequate durability which is not only higher 
than secondary acetate but may also surpass other 
fibers. Of course, its initial strength and abrasion 


resistance make it unsuitable for extremely light- 
weight and sheer fabrics or for textile applications in 
which a very high initial strength, toughness, and 
abrasion resistance is required. 


Wash-and-Wear Characteristics 


The most important trend in apparel textiles at the 
present time and probably in the future is the de- 
velopment of so-called “ease-of-care” and “wash- 
and-wear” fabrics and garments. This development 
was made possible by the introduction of the hydro- 
phobic and thermoplastic synthetic fibers upon which 
water has little or no effect and which can be heat 
set so that the geometry given by the yarn and fabric 
structure becomes the natural configuration of the 
fibers. As was indicated in the first part of this 
paper, triacetate also offers the possibility of de- 
veloping fabrics which will retain their original shape, 
texture, and appearance even when exposed to high 
humidity or washing and drying. However, it must 
be understood that the use of a hydrophobic and 
thermoplastic fiber and the application of a heat- 
setting process are not the only factors determining 
the “wash-and-wear” characteristics of fabrics. In 
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fact, only a very few fabrics which combine optimum 
yarn and fabric construction and fabric finish have, 
in practice, proven to be washable with no need for 
ironing. 

In Table III we have attempted to summarize the 
yarious fiber, yarn, and fabric factors which are 
critical in developing “wash-and-wear” fabrics. What 
has been said about the possibility of obtaining 
“wash-and-wear” characteristics in triacetate fabrics 
also applies to such properties as mussing resistance, 
crease and pleat retention, resistance to glazing, ease 
of ironing, stain and soil resistance, and others which 
are important for so-called “ease-of-care” fabrics. 
The mere usage of a triacetate fiber does not auto- 
matically provide for these characterstics. 


Summary and Conclusions 


By indicating the background and by presenting 
the modification of the structure of a triacetate fiber 
by heat treatment and its effect on fiber and fabric 
properties, we have tried to explain why cellulose 
triacetate suddenly became a material of consider- 
abie commercial interest. It must be added that the 
ever-changing conditions in textile requirements and 
consumer desires as well as the progress made in 
fiber technology were equally important factors in 
rediscovering cellulose triacetate as a commercial 
fiber. 

In order to establish the optimum balance of de- 
sired performance characteristics for the multitude 
of textile applications, the following work remains 





TABLE Ill. Factors Critical in ‘“Wash-and-Wear” 
Woven Fabrics 


Yarn 


Optimum twist 
(low to medium) 


Fiber 


Setability 
(stress relaxation) 
by heat or chemical 
treatment 


Fabric 


Optimum density 
(cover factor) 


Low to medium 
crimp level bal- 
anced in warp 
& filling 


Optimum interfiber 
packing density 
No or low swelling (medium) 
Noshrinkage or elon- 
gation in washing 

or drying 


High uniformity 
Weave 
Smoothness 
Color or print 
Medium to high mod- pattern 
ulus 
Finish 
Good elastic recovery 
in wet & dry state 


Low interfiber friction 
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to be done by the designer of fabrics, the weaver, the 
converter, and the finisher. 

Establishment of optimum fabric constructions for 
specific end uses; the loom constructions which were 
developed for rayon, acetate/rayon and other man- 
made and natural fibers must be modified since the 
stretching and shrinkage behavior of triacetate fab- 
rics in slashing, weaving, scouring, dyeing, and heat 
treatment is different from that of existing fabrics. 


Development of optimum heat-treatment condi- 
tions on the different commercially available ma- 
chines and establishment of proper finishing treat- 


ments to suit the requirements of a large variety of 


fabric constructions 


from a functional and 


mer- 
chandizing point of view. 

Establishment of standard operating procedures 
for the spinning, weaving, dyeing, and finishing of 
the fabrics which were found to be satisfactory with 
respect to manufacturing, price, performance, and 
style. 
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Book Reviews 


Physical Chemistry of Dyeing. Second Edition. 

Thomas Vickerstaff. London and Edinburgh, Oliver 

and Boyd; New York, Interscience Publishers, Inc., 
1954. viii + 514 pages. Price, $7.50. 


Reviewed by E, E. Lineken, American Cyana- 
mid Company, Research Division, Bound Brook, 
New Jersey 


Research in the understanding of dyeing behavior 
has been so intensive during the past quarter of a 
century that this book fills a great need. The first 
edition was written in 1946 and published in 1950. 
Dr. Vickerstaff’s book covers the literature of the 
physical chemistry of dyeing. The style and ar- 
rangement of the new edition remains that of the 
earlier one. The book is divided into two parts: 
Part I, General, and Part II, Specific. 

Part I comprises five chapters, as in the first edi- 
tion. A listing of them with some of the important 
additions noted follows: A General Survey of the 
Dyeing Process; The Purification and Estimation 
of Dyes, to which has been added a discussion of the 
use of ion-exchange resins as molecular sieves in 
preparing electrolyte-free dyes; The Colloidal Prop- 
erties of Dye Solutions, which has been expanded to 
include the use of radioisotopes in diffusion measure- 
ments and the use of light scattering of far red or 
near infrared light and the resulting aggregation 
calculations ; Dyeing Equilibria; and The Kinetics of 
Dyeing, which has been rewritten and now presents 
a longer introduction, more detailed experimental 
methods, and a new section on the significance of 
diffusion coefficients obtained by different methods 
The re- 
written fifth chapter includes Crank’s contributions. 

Two new chapters are included in the nine which 
comprise Part II. One of these is Cellulose Dyeing 
with Vat Dyes, in which vat dyeing is discussed in all 


and diffusion in an absorbing substrate. 


the stages which may need to be considered in any 
investigation of vat dyeing. This is a valuable ad- 
dition to the book. The other chapter, The Dyeing 
of Other Synthetic Fibers, describes the techniques 
for dyeing fibers newer than nylon. The empirical 
approach has here gone far ahead of theory and the 
hope is expressed that fundamental research on 


newer dyeing methods will rectify that condition in 
the near future. 

Other chapters, all of which contain significant 
changes and additions, cover dyeing of cellulose and 
cellulose acetate, dyeing of proteins, absorption of 
dyes by wool, and dyeing of polyamide fibers. On 
the kinetics of dyeing with direct dyes the recent 
contributions of Crank and others have been added. 
In passing, it is somewhat surprising that only one 
sentence is allowed for the migration and salt-sensi- 
tivity tests for three classes of direct dyes of the 
Society of Dyers and Colourists. 

All in all, it is clear to this reviewer that the very 
successful first edition has been brought thoroughly 
up to date and that the book is a very useful one. 
The research chemist will find the literature of dye- 
ing theory reviewed thoroughly together with the 
physical chemical equations basic to the processes. 
The chemist who is looking for an understanding of 
dyeing mechanisms will find that equations are de- 
rived carefully and also that there are ample tabula- 
tions, figures, and diagrams to illustrate the descrip- 
tive and mathematical material. The “practical dyer” 
also will find the book of use, not for dyeing formula- 
tions, fastness data, etc., which are available else- 
where, but as an aid to him in appreciating the funda- 
mental reasons for the salt additions, temperature 
changes, and other procedural variations which he 
uses every day. 


Microscopy of Animal Textile Fibres. A. B. 
Wildman. Leeds, England, Wool Industries Re- 
search Association, 1954. 


209 pages. Price, non- 


members, £2 2s. sterling; members, £1 7s. sterling. 


Reviewed by G. L. Royer, American Cyanamid 
Co., New York, N. Y. 


The identification and estimation of the fiber con- 
tent of textiles has become important because of 
labeling legislation and the more extensive use of 
fiber blends. The structure and morphology of 
fibers has been of value in research relative to their 
coloring and finishing and in the practical applica- 
tion of dyes and finishes. This book by Dr. Wild- 
man appears to this reviewer to be the best in the 
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field. It is a complete and thorough study of the 
microscopy of animal fibers. It is very well il- 
lustrated with 235 half-tone and 11 color photomicro- 
graphs; 88 line drawings are used for illustrative 
purposes. 

Part I is an outline of the growth and structure 
of animal fibers as compared to vegetable or natural 
cellulose fibers. Part II covers sampling prior to 
examination and various methods of preparing fibers 
for their identification and for qualitative analysis in 
mixtures. Part III discusses the classification of 
the medullae and cuticular-scale patterns of animal 
fibers as well as the origin and detailed description 
of the various important industrial animal fibers. 
Part IV presents the quantitative analysis of fiber 
mixtures, while Part V. discusses the fine detail of 
the structure of animal fibers. 

Much of the work reported reflects the work of 
the author himself as Chief Biologist at the Wool In- 
dustries Research Association in Leeds. The photo- 
micrographs, both in black and white and in color, 
are extremely well done and of the highest quality. 
There is no doubt in the mind of this reviewer but 
what this is an outstanding book in the field. 


Wool, Its Chemistry and Physics. Peter Alex- 
ander and Robert F. Hudson. New York, Reinhold 
Publishing Corp., 1952. 404 pages. Price, $10.00. 


Reviewed by Harold P. Lundgren, Head, Pro- 

tein Section, Western Utilization Research 

Branch, United States Department of Agricul- 
ture 


The first book of its kind, this brings together in 
up-to-date and well-organized form the widely scat- 
tered information on physical and chemical charac- 
teristics of wool. Physical and physico-chemical 
properties of wool are discussed in separate chapters 
on morphology, surface structure, mechanical prop- 
erties, sorption and swelling, rate processes within 
the fiber, acid-base characteristics, ion exchange and 
dyeing equilibria, and stereochemistry. The chem- 
istry of wool is discussed in chapters on the disulfide 
bond, chemical reactivity (other than the disulfide 
bond), formation of new cross links, and chemical 
composition. 

The book, as intended, will be useful to 3 classes 
of readers: those engaged directly in research on 


wool and other protein fibers, particularly younger 
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workers who wish to gain detailed knowledge of re- 
cent researches on the chemistry and physics of 
wool; those interested in fundamental concepts of 
protein structure and chemistry, which in several 
instances originated in researches on keratins; and 
those engaged in developing new techniques and 
methods of processing wool. The material through- 
out is handled logically and concisely; often the 
authors begin at the elementary level and develop 
each subject appropriately, frequently with pertinent 
mathematical formulations. read- 
able and supplied generously with apt illustrations. 
Comparatively few errors were noted. 


Discussions are 


The authors make no attempt to review existing 
theories critically. In general, they give rather good 
accounts of current theories. An exception is the 
chapter on morphology, which is somewhat sketchy. 
It is unfortunate that the book was finished just prior 
to the recent interesting and important discovery of 
the bilateral structure of the wool cortex. The re- 
views on sorption and swelling and on rate processes 
within the fiber are strong features. 

The final chapter, on stereochemistry, is less satis- 
factory. interest in 
stereochemistry of proteins, it seems that more em- 


In view of the current wide 


phasis should have been placed on present concepts 
of protein chain folding rather than on a detailed 
historical review of earlier ideas. 

In general, this book is commendable and promises 
to be useful, not only as an introduction to the sub- 
ject for beginners, but also as an authoritative refer- 
ence volume for specialists. 


Encyclopedia of Chemical Technology. Vol. 13, 
Stilbite to Thermochemistry. Edited by Raymond 
E. Kirk and Donald F. Othmer, Heads of the De- 
partment of Chemistry and Chemical Engineering, 
respectively, of the Polytechnic Institute of Brook- 
lyn; Assistant Editors, Janet D. Scott and Anthony 
Standen. 

Inc., 1954. 


New York, Interscience Encyclopedia, 
xvi + 952 pages. Price: single copies, 


$30.00 ; subscription, $25.00. 


A section of 117 pages in this volume is devoted 
to textiles. A general survey of the synthetic fiber 
field is followed by a description of properties and 
methods of manufacture of acrylic and vinyl fibers, 
The 
the 


the polyesters, tetrafluoroethylenes, and glass. 


remainder of the textile section deals with 
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technology of manufacturing, predyeing and finishing 
processes, and textile testing. 

Other volumes of the Encyclopedia contain articles 
on Polyamides; Protein Fibers, Synthetic; Rayon 
and Acetate Fibers; and on the various natural 
fibers. The general properties and structure of fibers 
are discussed by Dr. H. F. Mark under Fibers in 
Vol. 6. A survey article on Dyes and a compre- 
hensive article on Dyes—Application and Evalua- 
tion are to be found in Vol. 5, and there are numerous 
articles throughout the Encyclopedia on the im- 
portant chemical classes of dyes. 

The articles in the Encyclopedia have been con- 
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tributed by well-known authorities, and the entire 
series of volumes forms a worthwhile addition to any 
technical library. Volume 14 (containing articles 
on Waterproofing; Wool and Hair Fibers; and 
Wool Grease) to be published during 1955 plus an 
index will complete the enormous task involved in 
compiling a comprehensive summary of industrial 
knowledge for the chemist and chemical engineer on 
materials, methods, processes, and equipment. Pend- 
ing the appearance of the index, it would have been 
helpful to the reader if each volume could have car- 
ried a contents page listing titles of the articles, 
authors, and page numbers. 
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The vast and varied scope 
of Celanese activities in the 
plastics, chemical and tex- 
tile fields creates continuing 
opportunities for qualified 
men . . . opportunities to 
grow with Celanese, and to 
help Celanese keep ahead 
= in these fields. 


PHYSICIST, MECHANICAL ENGINEER or 
TEXTILE ENGINEER, experience in textile or re- 
lated industry. To develop basic understanding of 
fiber usage from an engineering point of view, includ- 
ing studies on conversion of fibers into yarns, yarns 
and continuous filaments into fabrics, and fabrics into 
end use products. 


PhD or equivalent in physical chemistry, 5 to 8 
years experience, some of which should have been in 
fiber research. To assist in planning and coordinating 
problems in basic fiber research covering relationship 
of molecular and micro structure to mechanical, 
thermal and other physical properties. 


PHYSICIST or PHYSICAL CHEMIST, 3 to 5 
years experience in colorimetry and spectrometry. To 
develop methods and direct spectrophotometric analyses 
of dyestuffs, pigments and textile materials and to in- 
terpret results for use in solution of research problems. 


RESEARCH TEXTILE ENGINEER, Bs in phys- 
ics or Mechanical or Textile Engineering or recognized 
textile school graduate, with some experience desirable. 
To evaluate new fibers and fabrics with regard to 
functional performance and to correlate physical prop- 
erties of fibers and yarns with performance. 


Please send complete resumes, in confidence, to 
Mr. J. A. Berg. 


CELANESE CORPORATION OF AMERICA 


Morris Court Summit, New Jersey 

















GURLEY TEXTILE TESTS: 
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1. GURLEY AIR PERMEABILITY TEST 
FOR STANDARD TEXTILES 


New Model Gurley Permeometer takes only 15 


~ 


seconds for testing air permeability. Use it for 


filter fabrics and accurately measuring wind- 
proofness, coating penetration, filler-retention, 
water-resistance of fabrics permitting passage of 


from 1 to 400 cu. ft. of air/min./sq. ft. at pres- § 


sure drop cf 0.5”. 
Write for Bulletin 1400. 
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2. GURLEY AIR RESISTANCE TEST 
OF TIGHTLY WOVEN FABRICS 


| Easy-to-use, accurate Gurley Densometer tests for 


porosity, air resistance and air permeability of 
windproof cloth, gabardine, canvas, poplin and 


| many other fabrics below Permeometer capacity. 


Preferred equipment in textile labs everywhere. 
Write for Bulletin 1400. 
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3. GURLEY STIFFNESS 
AND PLIABILITY TESTS 





% STANDARDS 
FOR THE INDUSTRY 
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Motor-driven Gurley Stiffness Tester quickly ex- & 
presses stiffness and “handle” of fabric in spe- ¥ 
cific figures. Precision-balanced pointer pivots 4 
in jewel bearings, indicates stiffness factor of % 
test piece on sine scale. Range includes practi- | 


cally all textiles. 
Write for Bulletin 1400. 


W. & L. E. GURLEY 
513 Fulton St., Troy, N. ¥. 
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